Microstructure et mécanismes de durcissements associés à la phase T1 dans un alliage Al-Li-Cu de troisième génération by Dorin, Thomas
Strengthening mechanisms associated to anisotropic
precipitates in an Al-Li-Cu alloy of third generation
Thomas Dorin
To cite this version:
Thomas Dorin. Strengthening mechanisms associated to anisotropic precipitates in an Al-Li-
Cu alloy of third generation. Materials. Universite´ Grenoble Alpes, 2013. English. <NNT :
2013GRENI031>. <tel-01200540>
HAL Id: tel-01200540
https://tel.archives-ouvertes.fr/tel-01200540
Submitted on 16 Sep 2015
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.
 THÈSE 
Pour obtenir le grade de 
DOCTEUR DE L’UNIVERSITÉ DE GRENOBLE 
Spécialité : Matériaux, Mécanique, Génie civil, Electrochimie 
(2MGE) 
Arrêté ministériel : 7 août 2006 
 
 
Présentée par 
Thomas Dorin 
 
 
Thèse dirigée par Alexis Deschamps et  
codirigée par Frédéric De Geuser 
 
préparée au sein du Laboratoire des Sciences et Ingénierie des 
Matériaux et des Procédés   
dans l'École Doctorale Ingénierie –  Matériaux Mécanique 
Energétique Environnement Procédés Production (I-MEP2)  
 
Microstructure et mécanismes de durcissements 
associés à la phase T1 dans un alliage Al-Li-Cu de troisième génération 
 
 
Thèse soutenue publiquement le 26 novembre 2013, 
devant le jury composé de :  
Dr. Joël Douin 
Directeur de recherche au CEMES, Toulouse (Président) 
Pr. Michel Perez 
Professeur à l’INSA de Lyon (Rapporteur) 
Pr. Christopher Hutchinson 
Associate professor à l’université Monash, Australie (Rapporteur) 
Pr. Alexis Deschamps 
Professeur à Grenoble INP (Directeur de thèse) 
Dr. Frédéric De Geuser 
Chargé de recherche au SIMAP (Co-encadrant) 
Dr. Christophe Sigli 
Ingénieur de recherche à Constellium (Encadrant industriel) 
Pr. Aude Simar 
Professeure à l’université catholique de Louvain, Belgique (Examinatrice) 
Pr. Pierre Guyot 
Collaborateur bénévole au SIMAP (Invité) 
 
Remerciements
 
Ces  rois  nnées e  hèse on  é é j lonnées du ad mb d ct. Aat den rer  ns le 
vif 	 s	je , je v is 
 in en n  re
erier les personnes s ns q	i je ne ser is p s  rrivé  	 o	  e e 
 r v il 
Tut dabd  t à mc cmt m t cadat d t  lexis, Frééri e  
Chris ophe
 Meri po	r vo re isponiili é per
 nen e  	 o	rs e es  rois  nnées Je re
erie en 
p r i	lier lexis t dc u ma tam u a d a cc. Vu maz a 
l  rig	e	r e  l  
o iv  ion inispens les po	r 
ener  ien 	n proje  e reherhe Je vo	s 
re
erie  	ssi po	r es 
o
en s e p r  ge pl	s infor
els P r exe
ple, l   r i ion 	  fé 	 
mat ac d t dau res  hés rs,
 je pense en p r i	lier  	en in, ﬀ 	ren , ﬁv  e ﬂosen 
Mer

i Chris ophe po	r es 
o
en s enrihiss n s p r  gés  	 o	rs e ifféren s sé
in ires 
u

. ﬃ m a



 tammt du tauat 
à
 Aac

 ù u a 

ata
g
é 
	
n 

on 
p
lâ  
e 
o	les! ﬁnfin, 	n gr n 
eri  
on ire e	r e  hèse, lexis, e  pl	s p r i	lière
en  po	r 

accu
 u tu ma   	 sein e    f 
ille  
on  rrivée  Melo	rne Je 
e so	vienr i 
 o
	
jo
	
rs e

es

ons


o


en s
p
 r  
g
és  
	 
o
	
rs e

es
" 

ois
p
 ssés en
	
s r lie

Je


e re


é


ore 
ut ctt # ù tu mas au a  (au  tta du tm) uad a #at u cut d	ne 
i$ ine e 


è re s
	
r 
	
ne 
f
 l ise 


 
g
ni
f
i
q	
e es 

r 
p
iles

 Ces
"
 


ois 
p
 ssés en 
	
s r lie on  é é  rès 
enri

hiss n  du t d u onnel e  professionnel D u c u a t cca e 
ren

on rer Chris %
	
 

hinson
g
râ

e
 q	
i je
v
 is
p
o
	v
oir re o
	
rner en
	
s r lie
p
o
	
r
	
n
p
os -o

 
Je so	h i e  	ssi re
erier les 
e
res e 
on j	ry e  hèse ﬀe présien  Joël &o	in, les 
a

tu '

c



*


z
t +



t

 /utc


 
0am

at

c Aud 1

ma t 
#
 *

 2u3t 
 tat ut. 'c à tu da t t u ma utn ne e  
eri po	r les is	ssions 
a

m



u

t u



 ma



tat

. ﬃ t


à
mc

 *



u



t

êt

u

a

t
 à
m 
 r 
v
 il e  hèse e 
p
o
	
r les is
	
ssions
q	
e no
	
s  
v
ons


enées ense


le
 
Je 
v
 is 


 in en n  re


er

ier les i
ff
éren e 

 

u 

a

 

u 

ô o
y
er  
	
 sein 
	
 l 

or  oire 
SI
M
P
e  en pre
ier lie	  mat d éq	ipe PM  M rie u ma acct da  buau 
p
en n  l  


 je
	
re 
p
 r ie e 


   hèse

 Mer

i 
p
o
	
r    joie e     

onne h
	

e
	
r 
p
er


 nen e 
q	
i on  
 o
	
jo
	
rs ren	es 
es jo	rnées  	 l or  oire  rès  gré les, p	is  ns le ésorre Fréo, Gilles, 
F
r nçois
,
 
F
 

ien
,
 Br
	
no
,
 Je n-ﬀo
	
is
,
 M r

 4

 5 
&
B
,
 
G	
ill 
	

e B 5 
P,
 Y
v
es
,
 Jo
ë
l
,
 
P
  ri

i 
,
 C  herine
,
 
M
	
riel
,
 Mireille
,
 ﬂ 
p
h 
ë
l
,
 Chris elle. 'c

 
à
 tu 

u ma

 a

t

 dans 


on  r 
v
 il o
	
  o
	
  


m

mt 

u a

 

ata

 d b mmt mb

 autu du ca
#
 u du 

at d 
g
â e 
	
 Je  iens  
	
ssi 

 re


er

ier nos se

ré  ires 4ir
g
inie
,
 N  h lie 6
p
o
	
r ses 

ons 
g
â e 
	x !!
7 e  
S
 nie
,
s ns o
	
lier u d tccs po	r le	r isponiili é e le	r exper ise  ehniq	e  o	jo	rs 
89:;<<=>?; @ E=H=K>L OK=>8L QR9UW=8;L XZK>8L [?\8Z ;R ]Z^=8_ `kw{k |}~{  } {}  ŁŁ @ 
~}k} ~~{ k} ~k{k} } } ~{} 
K ^; ?;<R;   ~}|}~{}~ } >U; ;< 8Z8U;?^=8;8R< @ E;?:> UZ\? RZ\< K;< Z8< ^Z^;8R< \; 
8Z\< =Z8< U\ U=?R=H;? ;8<;^K; =\ <;>8 Z\  } ~{}~  ¡~{~} ¢ £; <\>< >;8 <û? ZK>H9 ; 
^;8R>Z88;? K;< U=\<;< ; ^>> ;R :;< U=?R>;< ; R=?ZR< ;8>=K9;< ¤ ¥Z\? :;\¦ \> 8; K; <=;8R U=< 
}k~} ~}k{§§¨}  ~ }§ k}§§{~}   §~ }k~k k§ } ¨~} ©ª «§ 
UZ\;¬ 8ZR=^^;8R ;^=8;?  ­= ;R  ]Z<;8 \> ;8 Z8R ®=>R K;< ®?=>< ¤  ¥=?^> K;< R=?ZR;\?<L >K ¯ = 
}  { §k ~{§ °}~§ ~}§ ~{k§ @ ±\>KW;^L £;=8£;=8L ²\;8R>8L £;=8L XZ?=K¯ ³´; <;?=>< 
>;8RµR  :K=<<;? =8< :;RR; :=R9HZ?>;¶_ ­R :;\¦ H?·:;  \> K= R?=>R>Z8 U;?\?;?= @ ¸=\?;8RL ¹>:ZL ­=L 
]Z<;8L Q>^Z8L E=¦>^;L º=88¯L O\?;¯L <^=»K }~{ §§{  ]Z^=>8L ¹=R=<W=L Q>8WL E;8 ¼=8HL 
²\>8\=8HL ½>RR>L [;8´=^>8L E=W^Z\L QZ\=L ¾=<<=8L O¯^;8L [=<<;^ |} 
¿°k } }~|{k}~ À} {}k§  ~}|}~{}~ }§ }~§kk}§ °} { À{  ~°{}~ }k }~§  
K=Z?=RZ>?; QEO¥ ;R RZ\R U=?R>:\K>Á?;^;8R Â>KK>=^< ¸;®;?; \ K=Z?=RZ>?; ±¥E ; ]Z\;8 UZ\? 
|°{~ \;>KK>< ;R :Z8<=:?9 \ R;^U<_ E;?:> =\<<>  E=RRW;Ã 
Â
;
¯
K=8 ; K\8>;?<>R9 EZ8=<W 
³O\<R?=K>;
¶
;R 
¹
Z»K [?\8;R>
Á
?; ; K\8>;?<>R9 ; ¥Z>R>;?<_ 
­
R UZ\? 
®
>8>?L ^;?:>  | w|{} ~ |°{~ À~§ §}k } ~ k{k}~  } w{~} ¤ Q> ´; <\>< 
~~{° À§}  }§ }k ¨~k} ~{} ¨~Ä}  °§;R <\?RZ\RL ´; ?;^;?:>; :W=K;\?;\<;^;8R ^= 
:Z^U=H8;L ½=R;L UZ\? =Z>? 9R9 U?9<;8R;  ^;< :µR9< =8< K;< Z8< :Z^^; =8< K;< ^=\=>< 
||}k§ª }~{ °{~ ~ §ww{§||}k }k k~} } ~ °}k{~ {k§}~ }k ~k} }R 8Z\< 
Z>K ^=>8R;8=8R ?;U=?R> ;8<;^K; ;?< ; 8Z\;KK;< =;8R\?;< =\ U=
¯
< ;< Å=8HZ\?Z\<_ 
¸
; ^ZR ; K=
®
>8 <;?= UZ\? ^= E|{} { §}§ }{k} }}§ À?< ==8R ^= <Z\R;8=8:; ; RWÁ<;_ 
£; R>;8< RZ\R U=?R>:\K>
Á
?;^;8R  R; ?;^;?:>;? UZ\? =Z>? 9R9 U?9<;8R;  ^;< :
µ
R9< ;U\>< ^= U;R>R; 
;8
®
=8:; ;R UZ\? |°{~ kk = ®Z?:; ; Z88;? K; ^;>KK;\? ; ^Z>^Æ^; K; ´Z\? ; K= 
§}kk} X;K= ~   }~k{Ç~} }Èk 
  
 
 
ÉÊËÌ Í ÎÏÐ ÍÑ 
 
m tend 
 
ÒÌ ÓÔÊÕÖ×ÐÌ ÐØÎÏÙÌÚ ÌÛ ÜÐÊÛÝÊÖÎÚ ÞÌ ßáÓÏÙÌÛ× ßÌ ×ÔãÎÌ äÏÖ ÌÎ× ØÓÐÖ× ÌÛ ÊÛËÞÊÖÎå ÒÔÊäÏÌ ÓÔÊÕÖ×ÐÌ ÌÎ× 
ÐØÎÏÙØ
 
ßÌ
 
ÙÊÛÖãÐÌ
 æ ìÊÖÐÌ ÐÌÎÎáÐ×ÖÐ ÞÌÎ ÕÐÖÛÓÖÕÊÏí ÐØÎÏÞ×Ê×Î Ì× ÓáÛÓÞÏÎÖáÛÎ ÖÙÕáÐ×ÊÛ×ÌÎå îÌ ÓÔáÖí 
ïðñòòñóõöñ÷ øú ÷üïúóõýþß ïö múßösó÷ýõ ñßõýè÷ñmñßõ ñß úßgøúýs ú üõü mþõývü pú÷ ïýòòü÷ñßõñs ÷úýsþßs. 
Tþöõ ïðúbþ÷ï, øñs óhúpýõ÷ñs óñßõ÷úöx ïñ øú õhèsñ þßõ üõü üó÷ýõs sþös òþ÷mñs ïðú÷õýóøñs ñõ ýø ßþös ú ïþßó 
sñmbøü óþhü÷ñßõ ïðüó÷ý÷ñ øðñßsñmbøñ ïñ øú õhèsñ ñß úßgøúýs pþö÷ ússö÷ñ÷ ößñ óþßõýßöýõü úö múßösó÷ýõ. 
Eßsöýõñ,
 
øú
 
õhèsñ
 
ú
 
üõü
 
ñòòñóõöüñ
 
ïúßs
 
øñ
 
óúï÷ñ
 
ïðöß
 
óþßõ÷úõ
 CIFRE 
úvñó
 Cþßsõñøøýöm qöý ìÊ áÐÖÎÌ ÞÊ 
ÕÏÞÖÓÊ×ÖáÛ ÌÛ ÊÛËÞÊÖÎ ÕáÏÐ ÏÛÌ ßÖììÏÎÖáÛ ßÏ ×ÐÊ ÊÖÞ æ ÏÛ ÛÖ ÌÊÏ ÖÛ×ÌÐÛÊ×ÖáÛÊÞå ÛìÖÛÚ ÏÛ ßÌÎ 
÷úppþ÷õñö÷s ïö jö÷y ïñ õhèsñ qöý ñsõ öß spüóýúøýsõñ ïúßs øñ ïþmúýßñ p÷þvýñßõ ïðöß púys úßgøþphþßñ. 
 
 
1. Introduction____________________________________________________________________ 2 
11 Conteteindustriel____________________________________________________________________________2 
12
 Objectifs
__________________________________________________________________________________________

2
 
1
3 Présentationd
u
man
u
scrit
___________________________________________________________________

2
 
2. Principaux résultats __________________________________________________________ 3 
21
 ChapitreI:Re
u
ebibliographiq
u
e
_________________________________________________________
3 
2.1.1 Contexte général _____________________________________________________________ 3 
2.1.2 Précipitation durcissante dans les Al-Cu-Li _________________________________________ 3 
2.1.3 Contributions au durcissement et modélisation de la limite élasticité ____________________ 4 
22
 ChapitreII:Matéria
u
ettechniq
u
ese

périmentales
___________________________________
6 
2.2.1 Lalliage AA2198 _____________________________________________________________ 6 
2.2.2 Méthodes expérimentales ______________________________________________________ 6 
2
3 ChapitreIIIMiseenplacedneprocdredecaractrisationdelaphaseT
	
____
7 
24 Chapitre IV: Quantification et modélisation du lien entre microstructure et
limitedlasticit

_______________________________________________________________________________________
9 
2.4.1 Création dune base de données expérimentale _____________________________________ 9 
2.4.2 Modèles de limite délasticité __________________________________________________ 10 
25 ChapitreV:Etudedesmécanismesdedurcissementetphénomnesdeplasticité
liésàlaphaseT
	
______________________________________________________________________________________12 
2.5.1 Observation en HAADF-STEM __________________________________________________ 12 
2.5.2 Essais mécaniques ___________________________________________________________ 12 
2.5.3 Localisation de la plasticité ____________________________________________________ 13 
3. Bilan général ________________________________________________________________ 13 
4. Bibliographie ________________________________________________________________ 14 
Pe   r  
 

 Introdction 
 Contete indstriel 
Lﬀﬁlﬂtiﬁn ﬃ! "at#iaﬂ$ ﬂtili!! ﬃan! l ﬃﬁ"ain ﬃ la#ﬁnaﬂti%ﬂ ! &ait ﬃ "ani'# ( ﬃi"inﬂ# la 
co) o**+-o) e) /a#0ﬂ#ant tﬁﬂt n #ﬃﬂi!ant li"8a/t nﬀi#ﬁnn"ntal; L! ﬃ#ni'#! <n#atiﬁn! 
ﬃallia<! Al=>-=? o)+ )e co*@-)- o) oB+-*De de BroBr-t! tll! %ﬂ)e f-@De de) -+GH )e 
0ﬁnn li"it ﬃla!ti/it t tna/it t ﬁ&&#nt ﬂn !ta0ilit ﬃ /! 8#ﬁ8#it  
d) 
 
De
 +e*B J ?e  
 oD+-o) 
 rGBo)de)+ K cMDln<! a/tﬂl! ﬃ! "anﬂ&a/tﬂ#i#! ﬃ la#ﬁnaﬂti%ﬂ t !ﬁnt ﬃﬁn/ ﬂn 
 oD+-o)
 
de
 cMo-K Bor ce  -)d +r-eD J ?e++e G+de Bor+e  r ) DD-e de ce +NBe e+ O- e + BroBo G 
Br ?o) +eDD-*
 Q lallia< AASUVW; 
X
 Objectifs 
>e 
 DD-e  BBr+e))+ Y D f*-DDe de  ZD=>-=?  o)+ drc-  râce Y D for*+-o) de D BM e [
\
=
ZD
]
>-?J > BM e [
\
 BrGc-B-+e  o  for*e de BDOe++e  d)  De  BD)  {^^^} de D *+r-ce ?`? de 
lalﬂ"iniﬂ"; L! ﬁ0k/ti&! ﬃ / t#aﬀail ﬃ tw'!e  o)+ De  -z)+ | 
· ~e++re e)
BD
ce )e
B
roc
Gd
re
d
e crc+
G
r- +-o)
d
e
D

B
M e [
\
 
· KBDorer ) r)d )o*@re de *-cro +rc+re e+ de D-*-+e  ﬃla!ti/it 
· !t# t a"liﬁ## l! "ﬁﬃ'l! ﬃ li"it ﬃla!ti/it $i!tant! 
· 
?
o*
B
re)
d
re 
D
e  *
G
c)- *e  
d
e 
d
rc-  e*e)+   oc-
G
  Y 
D
 
B
M e [
\
 e+ 
D
er -)
fD
e)ce  r 
D
e  
B
M
G
)o*

)e 
d
e
BD
 +-c-+
G 

 Prsentation d

 man

scrit 
>
e *) cr-+ de +M e e + rGd-G e)+-re*e)+ e) )D-  e+ De  Br-)c-BK cMB-+re  de D +M e  o)+ 
/#it! !ﬁﬂ! &ﬁ#" ﬃa#ti/l!; L 8#"i# /wa8itre e + )e G+de @-@D-orBM-Oe G)GrDe Ber*e++)+ 
ﬃ #8la/# ltﬂﬃ ﬃan! !ﬁn /ﬁnt$t <lﬁ0al; ! tat! ﬃ la#t 8lﬂ! !8/i&i%ﬂ! !ﬁnt &&/tﬂ! ﬃan! 
D
e  r+-cDe  -)cD  d)  cMOe cMB-+reJ >e deK-*e cMB-+re Ber*e+ de BrG e)+er De *+Gr- 
G
+
d
-
G
-) - Oe
D
e  +ecM)-Oe 
d
e crc+
G
r- +-o) O- o)+
G
+
G
+-
D
- 
G
e  cor 
d
e ce +r
z
-
D
J
>
e +ro-  
/
w
a8it#! !ﬂiﬀant! #8#!ntnt l /ﬂ# ﬃﬂ t#aﬀail t ﬁnt t #ﬃi<! !ﬁﬂ! &ﬁ#" ﬃa#ti/l!; L 
t#ﬁi!i'" /wa8it# 8#"t ﬃ$8li%ﬂ# la "i! n 8la/ ﬃﬂne  +r+G-e de crc+Gr- +-o) dB+Ge Y 
D
 
B
M e [
\
J )e 
G
+
d
e  N +
G
*+-Oe 
d
e 
D
 *-cro +rc+re  r )e 
D
re co*
@
-)- o) 
d
e 
B
r*

+re  
e+ 
d
e 
D
 li"it ﬃla!ti/it r
G
 
D
+)+e e + e) -+e eK
BD
or
G
e 
d
)  
D
e O+r-

*e cM
B
-+re 
f
-) 
d
e 
co*
B
re)
d
re De D-e) e)+re D *-cro +rc+re de D BM e [
\
 t la li"it ﬃla!ti/it; L! "ﬁﬃ'l! 
ﬃla!ti/it de D D-++Gr+re  o)+ e) -+e +e +G   r D @ e de )o  *e re  eKBGr-*e)+De  Bor ê+re 
n!ﬂit a"liﬁ#! ﬃ "ani'# ( "ﬁﬃli!# lin/#"nt ﬃ li"it ﬃla!ti/it li ( la 8wa! 
\
 de 
"ani'# la 8lﬂ! 8
w
!i%ﬂ"nt /ﬁ##/t 8ﬁ!!i0l; L /in%ﬂi'" /
w
a8it# ﬃ/#it ltﬂﬃ ﬃe  
*
G
c)- *e  
d
e 
d
rc-  e*e)+ 
D
-
G
  Y 
D
 
B
M e [
\
 n t#"! ﬃint#a/tiﬁn  
d
- 
D
oc+-o)
B
r
G
c-
B
-+
G
 -) - 
Oe 
D
e 
D
-e) e)+re 
B
r
G
c-
B
-++-o) e+ 
B
M
G
)o*

)e  
d
e 
BD
 +-c-+
G
J )e 
d
- c  -o) e + e
ff
ec+
G
e 
d
)  
cMOe cMB-+re *-  )e d- c  -o) BD  G)GrDe e + co)d-+e Y D f-) d *) cr-+ de *)-re Y 
/ﬁn/lﬂ# !ﬂ# ln!"0l ﬃﬂ t#aﬀail #ali!;  
???????????????
????????????????????????
????????????????? ???????????????????????? ????????? ??????? ????? ???????? ??? ????????? ???????? ????? ???? ????????? ????????? ???? ???????????????????? ??????????? ???????????? ????? ????????? ????? ???? ?????????? ????????????? ??????? ???? ????????? ????????????????????????????????????????????????????????????????????????????
?????? ????????????????????????????????????????????????????????????????????????????????? ???????????????? ??? ???????????????????????????? ???????????? ????? ???????????? ????????????? ??????? ??? ?????? ??? ?????? ??????? ????? ????????????????????????????????????????????? ??????????????????????????????????????????????????????????? ??????? ??? ???? ??????????? ???????????? ???????? ????? ???????????? ????? ??? ?????????? ?????????????????????????????????????????????????????????????????????????????????????????????????????? ????????? ??? ??? ???????? ????????? ??????????? ??? ????? ? ???????? ??? ?????? ????? ??? ??????????? ??????????? ??????????? ??????????? ??? ???? ????? ???? ???????????????? ??????????? ????? ??? ???????? ?????????????????? ??????? ? ??? ?? ?? ??? ??????????????? ?????? ???????????? ??????????? ????????? ????? ?????? ??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
?
?????????????????????????????????????????????????????? ??????????????? ????????????????????????????????????????????? ???????????? ???????????
?
?????? ??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ???? ????????????? ??? ???? ???????????? ??? ?????????? ??? ????????????? ???? ????????????????? ??????????????????????????? ????????????? ??? ???????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
???????????????
????? ?????????? ???????? ???? ??????????? ???????? ??? ??????? ???????????? ??????????????? ???? ??????????????????????????????????????????? ???????????????? ?????????????????????????????????????????????????????????? ??? ????????? ???????? ??????? ??????????? ??? ?????????? ??? ??? ?????? ??????????? ???? ?????? ???? ?????????????????? ??? ????? ??? ???????? ????????????? ??? ?????????? ???? ????????????? ???????????? ????? ???????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????????????????????? ??? ??? ???????????? ??? ?? ???? ?????????????? ??? ??? ?????????? ??????????????? ??? ??? ?????? ???? ??????????????? ? ?????????????? ??????????????? ???????????? ??????????????? ????????????????????????????????????? ??? ????????? ?????????? ??? ???????????? ??? ?????????? ???? ??????????? ??? ??????????????????????????? ????? ???? ??? ???????????????? ????????? ??? ???????????? ???????? ??? ??? ?????? ?????????????? ?????? ???? ????????? ?????? ??? ?????? ????????? ??????????? ??? ?????? ??????? ???? ???????????????????????????????????????? ?????????????????????
?
?????? ????????????????????????????????? ???????????????????? ?????????????????????????????????????????????? ??????????? ??????????????????????????????????????????????????????????? ?????????? ???? ????? ????????????? ??????????? ????? ???? ??????????? ???? ??????? ?????????????? ???????????????? ???? ??????? ??? ??????? ??? ??? ????????? ???????? ????? ??? ???? ???? ????????? ???????????? ?????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ? ???????? ???? ???????????? ?????????? ????? ??? ??????????? ????? ????? ????? ??? ?????????? ????? ?????????????? ?????? ??????? ???? ????? ??? ???? ???? ??????????? ??????????? ???? ??????????????????????????????????????? ?????? ???? ??????????? ??????????? ???? ??????? ?????????? ???????????????????????????????????????????? ????????????? ???????????? ????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??????????????? ??? ?? ????????????????? ??? ????????? ??? ?????? ?????? ???? ???????????? ??? ?? ???? ????????????? ????????? ????? ???
??????????????????????????????????????????????????????????????????????????????????? ???
?
?
????????????????? ????????????????????????????? ????????????????????????????????????????????????????
?
???????????????
?
??????? ??? ??????? ????????? ???????????? ??? ?? ???? ????????????? ??? ????????? ??? ?????? ???? ??????????? ????? ??? ???? ????????????????????????????????????????????????????????????????????????
?
????? ??? ???? ???? ??????????????????? ???? ??????????? ??? ???? ???? ?????????????????????????????????? ???????????? ???? ????????? ????? ??? ???????????? ???????? ??????????????? ???????????? ??? ?? ???? ??????????????????????????????????????????????? ????????????????????????? ???????????????????????????????????????????????????????????? ??????????????????????????????????????????????????????????????????????????????????????????????? ???? ????? ??????? ??? ?????????? ??? ?????????????????? ????? ???? ????????????? ???????????????? ?? ???? ???????? ???? ??? ?????? ???? ???? ??? ??????? ?????? ?????????? ?????? ??? ??????? ?????????????????? ??????????????????????????????? ???????????????? ???????????????????????????????????????????????????
? ?? ? ????????? ???? ????? ? ?????
??? ?? ??? ?? ????? ???? ?????????? ??? ????????? ??????? ???? ??????????? ???? ? ??? ???? ?????????? ?????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
?
?
????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ?
???????????????
?????????????????? ???????????????????????????? ????????
?????? ??????????????????????????? ??????? ??????????? ?? ??? ???????????? ???????? ???? ???? ????????? ???? ???????????? ?????? ??????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????????????????? ?
???????? ???? ???? ???? ???? ???? ????
????? ????? ????? ?????? ????? ?????? ?????
????? ????? ????? ????? ????? ?????? ?????????? ?????? ??? ???????????? ????????????????? ???? ????????????? ?????????? ?? ?????????? ??????? ??????????? ?? ???????? ???? ??????????? ?????????? ????? ????????? ??? ???????? ??????????? ??? ??????? ???????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??????? ????? ???????? ??????????? ???? ?????? ??? ???????????????? ??????? ??? ???????? ?????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??? ???????????? ????? ???? ???????????? ????????? ???? ????? ??????????? ???? ??????????? ???????? ??????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????????????????????
?????? ??????????????? ????????????????????????????????????????? ???????????????????????????????????????????????????????? ???????????????????????????????????????????????????????? ???????????????????????????????????????????????????????????? ?????? ?????? ??????????????? ?? ????????? ???????? ?????????? ???? ??????? ?? ???? ??????? ??????????????????????????????????????? ????????????????????????????????? ?????????? ????????????? ??????? ???????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ?
?????????????????
??????????????????
???????????????
??????????
?? ??
??????????????
????????
?????????????
????????????
???
????
????
?
???????????????
??????????????????? ??????? ??????? ????????????? ???????????????????????? ?????????
????????????????????????????? ??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??????????????????????????????????????????????????? ???????????? ??? ???????????? ???? ????????? ????? ???????? ??????? ???? ??? ??????? ??? ???? ?????? ??????????????????????????????? ????????????? ???? ?????????????? ????????? ???????????????????????????? ???? ???????? ?????????
????????? ????????????????????????????????????????????????????????????????????????????? ??? ??? ???????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ???? ??? ???????????? ???? ????????? ???? ??? ??????? ???? ???? ????? ?????????????? ???????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ???????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??????????????????????????????????????????????????????????????? ???????????????????????????????????????????? ???????????????????????????????????????????????????????????????????????????????????????????????????? ????? ????? ??? ?????? ??? ??? ?????? ????? ??????????? ???? ??? ??????? ??? ??????????????? ???????????? ?????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??????????? ???? ????? ??????????? ????? ?????????????? ??? ??? ?? ???? ??? ??????? ???? ???? ????????? ?? ??????????????????????????????????????????????????????????
?
?????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ???? ????????????????? ??????????????????????????????????????????????????????????????????? ?????????????????????????????????????????????????????
???????????????
?
??????????? ?????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
???? ????????????? ???????????? ???? ??????? ?????????? ??? ????????? ???? ???? ?????????? ??? ???????? ???????????? ???????????????? ??????????????????????????????? ????????????????????????????? ??? ??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
? ? ? ? ? ??? ? ? ? ???? ??????? ?? ???? ??? ???????? ?????????? ??? ???????????? ???? ??????????? ??? ??????????? ???? ???????????????????????????????????????????????????????????????????????????????????????????????????????????
?
??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??????????????????????????????????????????????? ?????
? ?
???????????????
???????????????????????????????????? ?????????????????????????? ??????????????????? ??????????????????????? ??? ?????????? ???? ?????? ??? ????? ?????? ??????????????? ??? ?? ???? ????????????? ???? ??????????? ????????????? ????????? ????????? ?? ?????? ??????? ???? ??????????? ??? ??????????? ???????????????? ?????????????????? ???????????? ??? ????????? ???????????? ??????????? ?? ?????? ??????? ???? ??????????? ??? ????????????????????????????????????????????????????????????????????????????????????????????????????? ??????????????????????????????????????????????????????????????????????????????????????????? ????????
??
?????? ????????????????????????????????????? ?????????? ?????????? ??? ??? ???????????????? ??????? ??? ?????? ??????? ??? ???????? ??? ?????? ??? ???????????????????????? ????? ??? ?????? ??? ???? ?????? ?????? ?????? ???? ???? ?????????????? ??? ????????? ??? ??? ?????????????????????????????????????????????????????????????????????????????????? ????????????????????????? ??????????? ??? ?????????????? ?? ?????? ???? ???? ???????? ??? ????? ???????? ????? ?? ????????????????????????? ????? ??? ????? ???? ? ????? ???? ???? ?????????? ?? ???? ?????? ????????????????????????? ??? ???????????????????????????????????????? ??????????????????????????????????????????????????????? ????????????? ???????????????? ?????? ?????? ??? ??????? ???? ????? ???? ?????? ?????????????????? ???? ??????????? ??? ???????????????? ?? ???? ?????????? ?????????? ???? ??????? ???? ??????????? ?? ??? ?????????? ??? ????????????????? ?????? ??????? ??????????? ????? ???????? ????????????????? ???? ??????????? ??? ???? ???????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
??????????? ????? ???????????????????????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????? ?????????????????????????????????????????????????????????????? ?????????????? ????? ???? ??????????? ????????????????? ???? ??????????? ?????????????? ?????? ??????????????????????????????? ?????? ???????? ???? ??????? ????? ???????? ?????????????? ??????? ???????????? ????? ??????????????????
? ??? ??? ??? ??? ????
?????
? ? ? ? ?
?????
? ? ? ? ?
????
? ? ? ? ?
????????????????
?????? ????????????? ?????????????????????? ???????????? ?????????????????????????????? ?????????????????????????????????????????????????????? ????????????????????????????????????????????????????? ????????????????????????????????????? ????????????????? ??? ?????? ??? ??????????? ?????????? ???? ????????? ??? ??????? ??? ??????? ?????????????????? ??????? ??? ??? ?? ???? ????????????? ????? ???? ??????????? ????????? ???? ???? ????? ????????? ?????????????? ???? ??? ????? ??? ??????? ?????? ???? ?????????????? ??? ??? ??????? ????? ???? ????????? ???????????????????? ???? ??????????? ???? ??? ??????? ????? ?????????????????? ????????????? ??? ?????????????????????? ?? ??? ?? ???? ????????????? ???? ???? ??????????? ???? ??? ???? ??????????? ??? ??????????? ??? ?????????????????????????????????????????
?
??????? ???? ?? ???? ????????????????????? ?????? ??????????? ??? ?????? ??? ?????????? ? ?????????? ???????????? ??? ??????????????????????????????????? ???????????????????? ?????????????????????????????????????
?????????????? ?????????????????????????????????????????????????????????????????????? ?????????????????? ????????? ???????????????????????????? ??? ?????? ????????????? ??? ????????????? ???? ???????? ??????????????????????????????????????????? ??????????????????? ??????????????????????????
?
?
??????? ???? ???? ??????? ?????? ?????????? ?????????? ????????? ??????? ????????? ??? ????????? ?????? ????????? ?????????????????????????????????? ????????????????????????????????????? ???? ??????????????????????????????????????????????????????????????
?????
????
????????????????
????? ?????????? ?????????? ??? ??? ????????? ??? ??????? ???????? ???? ???? ??? ??????? ??? ????????? ???????????? ?????? ?????? ???????????? ??? ?????? ??? ?????????? ??? ????????????? ??????? ???????? ???? ?????????? ????? ??????????? ????????? ?????? ??? ??????? ?????????? ??????????? ???????????? ?? ? ??? ?????????????????????????????????????????????????? ???
? ???? ? ??????????? ???? ????? ?
????????? ? ????????? ? ? ?? ??????? ??????????? ? ??????
??? ??????? ?????????? ???????????? ?????? ??????? ??? ??? ?? ???? ????????????? ??? ?????? ??? ??????????? ??????????????????????????????????????????????????????? ???????????????? ?????? ???????????????????????????????? ???? ???? ???????????? ????? ????? ??????????? ???????????? ?????? ???????? ?????????? ????????????????????? ??????????????????????? ??? ??????????? ??????? ??? ?? ???? ?????????????? ????????????? ??? ?????????????? ????????? ?????? ??????????? ??? ????? ??? ????????? ???? ????? ????? ?????????? ?? ? ?????????? ??????? ? ????????????
?
??????? ???? ?? ???? ????????????????????? ?????? ??????????? ??? ?????? ??? ??????????? ?????????? ???????????? ??? ?????????????????????????????????? ???????????????????????????? ????????????????????????????????????
???????????????????? ???????????????????????????????????????????????? ???????????????????????????????????????????????????????????????????????????????????????? ???????????????????????????????????????????????????? ???? ??? ?????????? ?????? ?????????? ?? ???????? ?????? ??? ???????????? ??????????? ??? ??????????????? ???? ???????????? ??? ??????????? ???? ??? ???????? ???? ?????? ????? ????????????? ??? ???? ??????????????????????????????????? ??????????????????????????????????????????????????????????????????????????????????????? ?
????????????????
???????????????? ????????????????????????????????????? ?????????????????????????????????????? ????????????? ??? ?????????? ??????????????????????????? ??? ???? ???? ????????????????????????? ???? ????????????????????????????????? ??????????????????????????????????????????????????????????????????????????????????????????????? ???????? ???????????? ??? ?????????????????? ??? ??? ???? ???? ??????????? ??? ????????????? ??? ???????????????????????????
?????? ??????????????? ??????????????????????????? ????? ????? ???????? ?????????? ?????????????? ???? ??? ???????????? ???????????? ???? ???????? ??? ???? ?? ?????? ????? ???????? ?????????????? ???? ??? ????????? ??? ????????? ??????????? ???????????????????????????????????????????? ???????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ?? ???? ???? ??? ?????? ???? ????????????? ??????????????? ??? ??? ???????????? ??? ??????????????????????????? ?????????????????????????????????????????????????
??????????????????????? ?
???????????? ????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
?????? ??????? ???????????????????????????????????????????????????????????????????????????????????????????????????????????????
?????? ????? ??????????? ??????????? ??? ????? ?????????????? ? ? ???? ?? ???????? ?? ??????? ??? ???? ???????? ????????????????? ????????? ????????????? ? ??? ??????????? ??? ? ?????????????????????? ????????????????????????????????????????????????????? ?????????????????????????????????????????????????????????????????????????????? ????? ??????????????? ??? ????? ?????????????? ???????? ???? ???????????????? ?????? ???????????????????????????????????????
?
????
????????????????
??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
?????? ??????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??????????????????????? ????????? ???? ??????????? ?????? ??? ???????????? ???? ???????????? ???? ??????? ??? ????????????? ????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ???? ????? ?? ???? ??????????? ???????????????????????????? ??? ??????? ????????????? ??????????? ??? ???????????? ??????? ???? ??????????? ????? ??? ?????? ??? ??????????? ? ???????? ??????? ??????????????? ??????????? ??? ??????? ???? ????????????? ??? ?????????? ??? ?????? ??????????????? ??????????????????????????????????????? ???????????? ??????????????? ????????????????????? ????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
?????????????????? ?
???????????????? ????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
??????????? ??? ???? ????????????? ??????? ?????????? ??????? ??????????? ???????????????????????????????????????????????????????????????????????????????????????????????? ????????????????????????????????????????????????????????????????????????????????????????? ???????????????????????????????????
?????????????????
??? ???????? ??? ?????? ?? ??????? ??????????? ???? ?????????? ?????????????? ???? ??????????? ???????????????? ????? ?? ??? ?????? ??? ????? ???? ????????? ????????? ??? ????????? ???????????? ???? ????????????????? ??? ???????????????? ??? ??? ?????? ??? ?? ????? ???????? ???? ?????????? ???? ????? ??? ?????????????? ?????????????????????????????????????????????????????????????????????????????????????????????????????? ??? ?? ???? ????????????? ????????? ????? ??? ????????????? ??? ??????? ???????????? ???????? ?????????? ??? ????????? ?????? ????????? ???????????????????????????? ??? ?????? ?????? ????????????? ????? ????????????????????????????????????????????????????????????????????????????????? ?????????????????????????????????????????????????????????????? ????????????????????????????????????????????????????????????????????????? ??? ??? ?????? ??? ??? ????????????? ??? ?? ???? ?????????????? ????? ????????????? ??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??? ?????????? ????????? ??????????? ?????? ??????????? ???? ??????? ???????? ??? ???? ??????????????????????????????????????? ??????????????????????????????????????????? ????????????????????????????????????????????????????????????????????????????????? ?
Ł    
 
 Bibliographie 
        ¡ ¢Ł ¢£¤ ¤¥ ¦§ ¦¨©§ ª««¬­ 
§ ®¥¥¯  °    ¡ ¤ ± ² ²©©²¨²©«« ª§³³¦­ 
¦ ¢¯ ´ ¡ ±  µ §¨¦ ª««¬­ 
¶ ·¥¢¸ ·  ¹¥ ¡ ± µº ±  µ  ¶¦ ¦¦§²¨¦¦¦© ª§³§­ 
² ®µ  ¡ ± ¤¥ »¢ ²«¨²§ §©¨§©¼ ª§³³¬­ 
¬ ½º ½ ¾ ¥¤¢¤  ±¡ ´µ ± ¼¶ ¶§¦¨¶§¼ ª«²²¨²¬­ 
© ¥µ¿¢  ÀÁ¢ Â¡  º £Ã ¶¼ ¶³©¨¶¦ ª«¼©­ 
¼ À¤ Â À¤Ã¯£  À Ä » À¢µµº¥  ¥Ł¥ ° ®µº ±¡ ¤ ± ¬ 
§§³©¨§§¼ ª§³¦­ 
« À¢µµº¥  Ã¢ Å À Ä » Â¢¢µ Ä  ¹Æ  °Ãµ ± º Â¢¥¥ ± 
À¤Ã¯£ ¡ ¤
 ± ²« ¶¬§¨¶©§ ª§³­ 
³ ÀÇ ° ®µº ± °ÃµŁ ¹ Å ±ºº Â °¡ ££ Ã ¹ «¼ ª§³­
 °º ® Ã¥¿ Ä     ¡ ±  µ  §§ ª««­ 
§ ÄÁ Â ± ÈÃ  ® °¢µ¢      ¡  ¢¿ ¹ ± ¨¶ ª§³³­ 
¦ °¢µ¢      ¡ ± µº ±  µ  ¦ «¬²¨«©¬ ª§³³³­ 
¶ °¢
µ
¢     ¡ ´µ  ¢¿  § ³«©¨¼ ª§³³²­ 
² 
À
¤ 
Â
 ¡ ¤¥£¥¥¢
µ
 É¢¥¢
µ
 ¥
µ
 §«¼ 
µ
º §«¬ ¨¹¥¨° ¢ 
´µ
 ¡  ± §³³ ¨ 
´µ

µ
¥¢
µ
 °¢
µ¿

µ
¤ ¢
µ
¢¥º¨¢¥º 
Ã
  
µ

¿
¢¯¥¢
µ
 É¥Ł
µ
¢
µ
ª§³³­ 
¬ Ä¢ ¡ Ã¥ ±Ł §¶ª«³­ «¼©¨««¦ ª«©­ 
© ÊËÌÍÎÏËÐÑ ÒÓÔ ÕÎÏÖ×ØÐÙÚ ÙÛÜËÙ ÖËÝÞÌÖÌÜØÜÌÎÛ ÙÜ Ö×ØÚÜÌÞÌÜÝ ßØÛÚ ÏÛ Ø××ÌØÐÙ ßáØ×ÏãÌÛÌÏã äååå Ô 
££¥¤¥¢
µ æ º ¥¯µ Ã¯¢¯ç¤µ¥ë º çº¤¥¢µ º º¥¢¥¢µ ºµ º 
¤¢¯£¢
µ
 
ç
¢
µ
¥
ë
 Ãº  Ã¥ ´µ¥ ¢¤Ãµ¥ë º Äµ¢Á »µ¤ ª§³³«­ 
¼ ì¥  » ±ºº
Â
 ¢¯
´
 ¡  
µ
  ¤
Ã
 
Á
 §©¨§§§ §²©¨§¬§ ª««¬­ 
« ÈÃ  ®   ¡ ¤ ± ´µ¤ ¶©ª­ ¦§¬§¨¦§¬« ª«««­ 
§³ ì¥  » ±ºº Â °¡  ¢¿ Ã ë «ª¬­ ²¶¦¨²² ª««¼­ 
§ ½¢Ç  ± ¹  íºÉµ  ¾¡ ±  µ  « §«¨§«§³ ª«¼¼­ 
§§ 
À

µ
¥
ç
¢  ·¢
µ
î¥
µ
   ìº¥
µ
 ° 
Ã
¢¯  °¡ ¢¤º¥
µ
Ł ¢
¿
 
Ã
 ¦
Ã
 ¥
µ

µ
¥¢
µ
 
¤¢
µ¿

µ
¤ ¢
µ
¯¥
µ
¥¯ ¢ ¥
Á
Ł
Ã
 ¡  ± ®µº  ª§³§­ 
§¦ À Ä » Â » À¤Ã¯£ ¡  ¢¿ ££ ° ¶² §³¼¨§¼ ª§³§­ 
§¶ 
À
¤
Ã
¯£ 
À
¤
Â

À
 Ä »
À
¢¥
µ
   ®
µ
º ±¡ ¤ ± ¬ª­ ¶³³¨¶³§ 
ª§³¦­ 
 
 
 
 
 
ï 
 
Generalintrod ction
 
Ind strialconte t
ðñò óô õöò ÷øòùõòúõ ûüúýóþòøüòú óô õöò ß0
th
 ýòñõuøy üñ mòõùlluø÷y wùú pøóbùbly mùûò by Alôøòû Wülm 
wöòñ òxplóøüñ÷ õöò ù÷ò-öùøûòñüñ÷ ùbülüõy óô Al-Cu ùllóyú. Töò úõøòñ÷õö üñýøòmòñõ ùøüúüñ÷ ûuøüñ÷ ù 
öòùõ õøòùõmòñõ üú ñów  ñówñ õó úõòm ôøóm õöò ôóømùõüóñ óô ñùñó-pøòýüpüõùõòú.  uýö öòùõ õøòùõmòñõú 
öùþò ñów úpøòùû õó mùñy mòõùllüý úyúõòmú ùñû ùøò üñûuúõøüùlly uúòû üñ ù wüûò øùñ÷ò óô ùpplüýùõüóñú 
ôøóm pùý ù÷üñ÷ õó õøùñúpóøõùõüóñ.  
Töò òùøly ÷òñòøùõüóñú óô ýùúõ ùñûwøóu÷öõ Al-ùllóyúwòøò
 mùüñly bùúòû óñ õöò Al-Cu-M÷, Al-M÷- ü ùñû 
Al-Zñ-M÷ úyúõòmú. Töò ùûûüõüóñ óô Lü ùú ù pøümùøy ùllóyüñ÷ òlòmòñõ üñ Al-Cu ùllóyú üú móøò øòýòñõ. Lü 
significan redces e aos densi ie enancing is ods De o 	is ig so
ii in  
üõ wùú pøümùøüly ùûûòû üñ lùø÷ò ùmóuñõú wüõö õöò puøpóúò óô ýøòùõüñ÷ öü÷ö úpòýüôüý úõøòñ÷õö 
(úõøòñ÷õö/wòü÷öõ) Al-ùllóyú ôóø mülüõùøy ùüøýøùôõú. Hówòþòø, õöò òùøly ÷òñòøùõüóñú óô Al-Lü-Cu ùllóyú 
òñýóuñõòøòû úü÷ñüôüýùñõ ûøùwbùý
 
ú úuýö ùú póóø õóu÷öñòúú ùñû póóø pøópòøõy úõùbülüõy, õöuú lümüõüñ÷ 
õöòüø uúò. Töøòò ÷òñòøùõüóñú óô Al-Lü-Cu ùllóyú öùþò bòòñ ûòþòlópòû wüõö ù ÷øùûuùl ûümüñuõüóñ óô õöò 
L
ü/
C
u øùõüó. Töò ýuøøòñõ ÷òñòøùõüóñ ýóñõùüñú lòúú õöùñ ï.8wõ% üñ Lü ùñû lòúú õöùñ 5wõ% üñ Cu wüõö 
müñóø ùûûüõüóñú óô M÷, A÷ ùñû Zø. Töòy ùøò uúòû üñ bóõö mülüõùøy ùñû ýómmòøýüùl ùüøplùñòú mùüñly üñ 
wüñ÷ ùñû ôuúòlù÷ò ú
 
üñú
.
 
T
öò øòýòñõ pøó÷øòúú üñ Al
-L
ü
-C
u ùllóyú öùú bòòñ ûøüþòñ by õöò ùppùøüõüóñ óô ù 
úõøóñ÷ ýómpòõüõóø õó mòõùlú üñ ùòøóúpùýò, ñùmòly ýómpóúüõò mùõòøüùlú õöùõ ùlúó pøóþüûò òñöùñýòû 
úóluõüóñú õó ùòøóplùñòúmùñuôùýõuøòøú
. 
ówùûùyú, lü÷öõòø úóluõüóñú ùøò üñ ûòmùñû üñ óøûòø õó øòûuýò 
ôuòl ýóñúumpõüóñ ùñû õöò òñþüøóñmòñõùl ôóóõpøüñõ óô õöò ùòøóplùñò
.
 

òw ÷òñòøùõüóñú óô Al
-L
ü
-C
u 
ùllóyú óôôòø ùñ ópõümùl ýómbüñùõüóñ óô pøópòøõüòú úuýö ùú lów ûòñúüõy, öü÷ö úõøòñ÷õö, ÷óóû ûùmù÷ò 
õólòøùñýò ùñû þòøy lóñ÷ õümò pøópòøõy úõùbülüõy õöuú mù
 
üñ÷ õöòm ù pøümò ýöóüýò óô mùõòøüùl ôóø õöò 
ýuøøòñõ ùñû ñò
x
õ ÷òñòøùõüóñ óô ùüøýøùôõú
.
 
T
öò AIRWARE úóluõüóñ üú ýuøøòñõly pøópóúòû by
C
óñúõòllüum 
ùñû  ùûûøòúúòú õöò ýuøøòñõ ýöùllòñ÷òú ôùýòû üñ õöò ùòøóñùuõüý úòýõóø. Töò mùüñ úýópò óô õöüú  Pö 
úõuûy üú bùúòû óñ óñò óô õöòúò ùllóyú, wöüýö üú pøóþüûòû by õöò
C
óñúõòllüum óøøòpò Ròúòùøýö
C
òñõòø, 
ùñû ñùmòû öòøòùôõòø ùú õöò AAßï9
8
ùllóy
.
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Stateoftheart
· Fromthenano-scaletothemacro-scale
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· ThemaincontributiontostrengthinAl-Cu-Lialloys:theT1phase
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· Lackofexperimentalandmodellingdataonstrengtheningbyanisotropicplate-like
precipitates
 $ﬁ "$" 3! ﬃﬁ$ﬁ ﬃ  
=
#$#  ﬃ$v   $ﬁﬁ  
ﬃ "$ﬁ$ﬁ#$ ﬀ #ﬁ ﬁ'  ﬁ&  !ﬁ " ﬀﬀ "$"  
 ﬀ $ﬁﬃﬃ !  "ﬁvﬀ ﬃﬁ$ﬁ $ﬁ
*
  #$#  3ﬂ#ﬀ ﬃ 
ﬀ& N  #$#  3ﬂ#ﬃ1  ﬁﬁ# ﬁ' ﬃﬁ$ﬁ  ' ﬁ*ﬃ  #$# ﬃ 
OQUV XQUY[U\] ^QU _[U`z_z^Y^U zX `|^ ^~ ^QU U^UV^ ~ ~VU |[U[X U`^~[ V ^QU `YXU ~ VUY[ﬂ
#$ #$#1  ﬁ 'ﬁ" ﬀ ﬁ 3ﬂ#ﬀ ﬀ $ﬁ#ﬁﬃ ﬁ  

Y^U[zY

X
 
_UY
 
X^[UV^Q
 
OQUV
 
^QU
 
_[U`z_z^Y^UX
 
[UY`Q
 
Y
 
`[z^z`Y
 
Xz
Ł
U
 
V
 
^QzX
 
`YXU]
 
^QU
 
zU

\
 
X^[UV^Q
 
"ﬁﬃ  ! 3ﬃ& ﬁ!v1   $ ﬁ' # #$# *$   
=
 #1  
vﬁ
*
ﬁ ﬁ'  ﬀﬀ "$X YX Y |V`^z~V ~ ^QU _[U`z_z^Y^UX ~[_Q~~ zX UXX 
*
ﬃﬁﬁﬃ& @
*
 ﬁ  $
*
 $k ﬁ' 
*
ﬃﬃﬀ ﬃ $ﬁ"# ﬁ'  ﬀﬀ 
"$" vﬁvﬃ   $ ﬁ' # #$#1 ﬁ  v '! "# ﬁ' ﬃ ﬀ 
"ﬁﬃﬀ $ 3 'ﬁ*ﬃ   *& F*"ﬁ1  3 ﬁ'  ﬀ "ﬁﬃ ﬁ #ﬃ$ 
 ﬃ ﬀ  3 #ﬁﬁ vﬀﬃ ﬃ
*
 ﬁ  $k ﬁ' #" ﬃ  " ﬁ'  
=
 
"ﬁ#ﬁﬁﬀ$ #" ﬃ vﬁ*" '$ﬁ vﬁ*ﬁ ﬃ*ﬀ  ﬀﬂﬃﬀ "& 
  
 
 
ThesisStrateg 
       ¡¢£   ¤¥¢¥  ¢¦§ ¡  ¢¢  

 

¨
 
§
 
¥
 

 ©¦¥ ¢ª ¢«  ¥¢ § ¥ ¦    ª¦ ¢ 
¥¢¥  ¦¦¡¬
 
 
· Set-upacharacterisationprocedureoftheT1phase

 
¢
 
§
 

 

 
§¢¥
 

 
¤¦
 
¢¢
 
§¢¥¤¢
 

 
¢¥¢
 

 
¥­
 
¤¦¦© ¥
 
¤¢¦©­
 

 

¨
 
¢§¦ª©«
 

 
§¢
 
§¢¢
 

 
¢¢
 

 

¨
 
§
 
¢
 

 
£­ ¥¢­ ¤¢ ¥© ¥ ¦¤ ¢« ® ¥¦§¥  ¡ ¢ª©  
¦  ¡¥ ¢ª  ¯¯¯¢ ¢¢ °¤ ¤  ±¦¦¯²ª¦¯³¯´©¯
±¢ª
 µ±²³±¶­ ·¦ ¥ ¸ª ²ª¤¦¢ ²¤¦¢  ¢£ ¹¦¥ ±ª ¢ º¦¢ 
»¢§© µ·º» ¥ ¸²² ¹¯±º»¶ ¥  ¢¦ ±ª ·¦¢¢© µ ±·¶« 
 
· ExploreawiderangeofT1microstructures
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· Testandimprovetheexistingyieldstrengthmodels
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ö÷øùúû üýø þßùý furþßùr øùvùú÷piýg þßù ùxiûþiýg ö÷øùú, wßicß cüý bù üppúiùø þ÷ üýy þypù ÷f T
1
 
öicr÷ûþrucþurùû. 
 
· Understand the strengthening mechanisms in terms of dislocation/precipitate
interaction
Tßù fiýüú üiö ÷f þßiû w÷rk iû þ÷ fuúúy øùûcribù þßù ûþrùýgþßùýiýg öùcßüýiûöû iýv÷úvùø iý þßù prùûùýcù 
÷f T
1
 prùcipiþüþùû. B÷þß ùxpùriöùýþüú üýø ö÷øùúúiýg rùûuúþû wiúú bù uûùø c÷ýj÷iýþúy þ÷ øùpicþ þßù 
iýþùrücþi÷ý öùcßüýiûöû bùþwùùý øiûú÷cüþi÷ýû üýø prùcipiþüþùû. Tßù ùv÷úuþi÷ý ÷f þßù ûþrùýgþßùýiýg 
öùcßüýiûöû
 
üû
 
ü
 
fuýcþi÷ý
 
÷f
 
þßù
 
prùcipiþüþùû
 
ö÷rpß÷ú÷gy üýø
 
þßù
 
iöpücþ
 
÷ý
 
þßù
 
rùûuúþiýg
 
yiùúø
 
ûþrùýgþß wiúú üúû÷ bù øiûcuûûùø. Tw÷ øiffùrùýþ üppr÷ücßùû cüý bù c÷ýøucþùø þ÷ iývùûþigüþù þßù 
ûþrùýgþßùýiýg öùcßüýiûöû. Tßù øirùcþ üppr÷ücß c÷ýûiûþû iý ÷bûùrviýg þßù rùûuúþ ÷f üý iýþùrücþi÷ý 
bùþwùùý ü øiûú÷cüþi÷ý üýø ü prùcipiþüþù. HAAD -STEM iû ü p÷wùrfuú þùcßýiquù, wßicß iû ûuiþùø þ÷ þßù 
÷bûùrvüþi÷ý
 
÷f
 
ûßùüriýg
 
ùvùýþû
 
÷ý
 
T
1
 
prùcipiþüþùû.
 
H÷wùvùr,
 
þßiû
 
þùcßýiquù
 
÷ýúy pùröiþû
 
ú÷cüú
 
÷bûùrvüþi÷ýû
 
üýø
 
ø÷ùû
 
ý÷þ
 
rùvùüú
 
by-püûûùø
 
prùcipiþüþùû.
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iývùûþigüþi÷ý
 
÷f
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ûþrùýgþßùýiýg
 
öùcßüýiûöû.
 
Tßù
 
iýþùrücþi÷ý
 
öùcßüýiûöû
 
(by-püûûiýg ÷r ûßùüriýg) ürù ký÷wý þ÷ ßüvù ü øirùcþ iýfúuùýcù ÷ý ûþrüiý ßürøùýiýg üýø ÷ý þßù 
ú÷cüúiûüþi÷ý
 
÷f
 
púüûþiciþy.
 
Aû ü rùûuúþ,
 
wù
 
pr÷p÷ûù
 
üý
 
iývùûþigüþi÷ý
 
÷f
 
þßù
 
púüûþiciþy bùßüvi÷ur
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wüy
 
÷f
 
ûþuøyiýg
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ûþrùýgþßùýiýg
 
öùcßüýiûöû.
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ú÷÷k
 
üþ
 
þßù
 
w÷rk-ßürøùýiýg
 
bùßüvi÷ur
 
by uûiýg
 
b÷þß
 
þùýûiúù
 
üýø
 
Büuûcßiýgùr
 
þùûþû.
 
Tßù
 
ú÷cüúiûüþi÷ý
 
÷f
 
púüûþiciþy iýþ÷
 
ûúip
 
úiýùû
 
wiúú
 
þßùý
 
üúû÷
 
bù
 
iývùûþigüþùø wiþß N÷öürûki þypù ÷bûùrvüþi÷ýû üýø þßù C÷ýf÷cüú Lüûùr Scüýýiýg Micr÷ûc÷py (CLSM) 
þùcßýiquù.
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Súffiû letterü ýþ Oþ Hþ T or
W indicates basic
treatmentcondition
First súffiû digit indicates
secondarß treatment úsed to
inflúenceproperties
Second súffiû digit for
condition H onlß indicates
residúalhardening
F-Asfabricated   
O-Annealed-wroúght
prodúctsonlß
  
H-Cold-worked strain
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Table 3: Temper desgnaton sstem for most rought lumnum allos [3] 
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3.4.2? Influence of the thermo mechanical treatment on the T1 microstructure 
íîï ðñ òóï ôðõö÷ ðñ òóï øùï÷ïîò úðùû ü÷ òð ýîþïù÷òõîþ òóï ùïöõòüðî÷óüø ßïòúïïî òóï T
1
 mðùøóðöðôy
õîþ òóï ùï÷ýöòüîô yüïöþ ÷òùïîôòó. Wóïî cðî÷üþïùüîô òóï mðùøóðöðôy ðñ òóï T
1
 øóõ÷ï, òóï ümøðùòõîò 
øõùõmïòïù÷ õùï òóï ñðööðúüîô: òóï îýmßïù þïî÷üòy, òóï mïõî þüõmïòïù õîþ òóücûîï÷÷ ðñ òóï øöõòïöïò÷ 
õîþ ñüîõööy òóï vðöýmï ñùõcòüðî ðñ òóï T
1
 øóõ÷ï. Tóï þüññïùïîò øõùõmïòïù÷ ðñ òóï òóïùmð-mïcóõîücõö 
òùïõòmïîò òóõò úüöö ôùïõòöy üîñöýïîcï òóï ùï÷ýöòüîô T
1
mücùð÷òùýcòýùï
 õùï òóï ñðööðúüîô: òóï õmðýîò ðñ 
cðöþ
 úðùû õøøöüïþ øùüðù òð òóï ñüîõö óïõò òùïõòmïîò, òóï òïmøïùõòýùï ðñ òóï óïõò òùïõòmïîò õîþ 
ñüîõööy òóï þýùõòüðî ðñ òóï óïõò òùïõòmïîò.
 
· Effectofpre-stretching
Iò ü÷ úïöö-ï÷òõßöü÷óïþ òóõò þü÷öðcõòüðî÷ õcò õ÷ øùïñïùïîòüõö îýcöïõòüðî ÷üòï÷ ñðù òóï T
1
 øóõ÷ï [ìë]. 
Cðî÷ïqýïîòöy, òóï øùïcüøüòõòüðî ûüîïòüc÷ ðñ òóï T
1
 øóõ÷ï ü÷ ÷òùðîôöy ümøõcòïþ üñ cðöþ úðùû ü÷ õøøöüïþ 
õñòïù òóï ÷ðöýòüðî óïõò òùïõòmïîò õîþ ßïñðùï õùòüñücüõö õôïüîô [ìë,ì4,ì5,ì6,ì7,ì8,ì9,20]. Cõ÷÷õþõ ïò 
õö. [ìë] óõvï ÷óðúî òóõò 6ó õò ì90°C õùï îïïþïþ ñðù õî   2090 ÷õmøöï, øùï-þïñðùmïþ 6%, òð ùïõcó õ 
ì.8%
 T
1
 vðöýmï ñùõcòüðî üî cðmøõùü÷ðî òð 24ó ñðù õ îðî-øùï-þïñðùmïþ ÷õmøöï. Iî øõùõööïö, òóïy
mïõ÷ýùïþ òóï ïvðöýòüðî ðñ òóï yüïöþ ÷òùïîôòó õîþ ÷óðúïþ òóõò 4ó úõ÷ îïïþïþ òð ùïõcó øïõû ÷òùïîôòó 
ñðù òóï ñüù÷ò ÷õmøöï vïù÷ý÷
24
ó ñðù òóï öõòòïù ðîï
. 
I
ñ øùï-þïñðùmõòüðî ü÷ õøøöüïþ
,
 òóï T
1
 øóõ÷ï øùï
c
üøüòõòï÷ õò òóï ïxøïî÷ï ðñ òóï ðòóïù øóõ÷ï÷
.
 Býò üñ îð 
øùï-þïñðùmõòüðî ü÷ õøøöüïþ
,
T
1
ü÷ îð öðîôïù òóï þðmüîõîò øóõ÷ï
.
 ÷ õ ùï÷ýöò
,
úóïî ÷òýþyüîô òóï ümøõ
c
ò 
ðñ òóï T
1
 øóõ÷ï ðî òóï mï
c
óõîü
c
õö ßïóõvüðýù
,
 üò ü÷ ümøðùòõîò òð õöúõy÷ õøøöy
c
ðöþ úðùû øùüðù òð òóï 
óïõò òùïõòmïîò
.
Tóï
c
ðmøïòüòüðî ßïòúïïî òóï øùï
c
üøüòõòüðî ðñ T
1
 õîþ   as een studied  ale et 
õö
. [ì6] ðî õî  A/C 458 ÷õmøöï. Aðù õ øùï-þïñðùmõòüðî ñùðm 0 òð 8%, òóï T
1
 vðöýmï ñùõcòüðî ïvðövï÷ 
ñùðm
0.5%
òð õömð÷ò ë
%
 úóïî òóï 


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n de
r
eases
r 	
	
t

nea
r
l
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7
)
.
 
G
õßöï ïò õö. [ì6] õö÷ð óüôóöüôóòïþ òóõò òóï ÷õmï võöýï ðñ yüïöþ ÷òùïîôòó cõî ßï ùïõcóïþ ñðù þüññïùïîò 
øùï-þïñðùmõòüðî÷ õøøöüïþ ïvïî üñ òóï T
1
 mücùð÷òùýcòýùï÷ úïùï vïùy þüññïùïîò.  ÷ õ cðî÷ïqýïîcï, üò 
ùïvïõöïþ òóõò òóï ùïöõòüðî÷óüø ßïòúïïî òóï þüññïùïîò øõùõmïòïù÷ ðñ òóï mðùøóðöðôy ðñ òóï T
1
 øóõ÷ï 
õîþ òóï üî
c
ùïõ÷ï üî ÷òùïîôòó ü÷ îðò ÷òùõüôóòñðùúõùþ
.
 
Pre
stretch 
( 
Ageing 
time 
(
h

 
Yield strength 
(
MPa

 
T

 nmber 
densit 
(
m3

 
T

 diameter 
(
nm

 
T

 Volme 
fraction 
(
 
 
ì
20 454 272.6 ì58.7 2.5ë 
 
ë
5 452 754.7 86.8 2.ì2 
 
20 45ì 96ë.ì 55.6 ì.64 
 
ì
5
 
452
 ì
28
ë
.
ì 
5
ë
.6
 ì
.42
 
 
ì
0
 
452
 ì
478.
ë 
40.
ì 
0.94
 
ﬀﬁbﬂﬃ ! Mﬃﬁ"#$ﬃ& '*ﬃﬂ& "+$ﬃ;g+h fo$ "ﬁ<pﬂﬃ" w*+h &*ffﬃ$ﬃ;+ p$ﬃ="+$ﬃ+>h ﬁ;& ﬁgﬃ*;g +*<ﬃ pﬃ$fo$<ﬃ& o; +hﬃ ﬁﬂﬂo' ?F@D 
EHJK 
ﬀhﬃ
 
>o$$ﬃ"po;&*;g
 
ﬀ
L
 
;#<bﬃ$
 
&ﬃ;"*+'
N 
&*ﬁ<ﬃ+ﬃ$
 
ﬁ;&
 O
oﬂ#<ﬃ
 
f$ﬁ>+*o;
 
ﬁ$ﬃ
 
ﬁﬂ"o
 
$ﬃpo$+ﬃ&
 P
f$o<
 Q
ﬁbﬂﬃ
 
ﬃ+
 
ﬁﬂ
K RSUVXK 
I
î õ ùï
c
ïîò YóZ úðùû
,
 Zï
c
ùïý÷ 
[68]
 õö÷ð ùïøðùòïþ òóï ïññï
c
ò ðñ øùï-÷òùïò
c
ó üî õî 
  2
ì
98.
 Tóï 
c
ðî
c
öý÷üðî úõ÷ òóï ÷õmï úüòó õ ñõ÷òïù ûüîïòüc÷ ñðù òóï øùï-÷òùïòcóïþ ÷õmøöï÷: ì00ó õò ì55°C ñðù òóï 
îðî-øùï-÷òùïò
c
óïþ ÷õmøöï vïù÷ý÷ ì5ó ñðù òóï 2% øùï-÷òùïòcóïþ ðîï òð ùïõcó øïõû ÷òùïîôòó. Tóï 
ümøõ
c
ò ðî õôïüîô òümï ü÷ òóý÷ ümøðùòõîò ñùðm 
0%
 òð 
2%
 ßýò üò ÷ïïm÷ òóõò òóï ümøõ
c
ò ðî ûüîïòü
c
÷ üñ õ 
óüôóïù võöýï ðñ øùï-÷òùïò
c
ó ü÷ õøøöüïþ ßï
c
ðmï÷ öï÷÷ ümøðùòõîò
.
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. Strengtheningcontri tionsinAl allo s
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ÚÒÎËÌÑÛÙËÑÒÎ× ÕÔÑÎÖÜ ÚÒÕÍ ÓÌÒÕ ËÐÍ ÝÌÍÚÑÝÑËÔËÍ×ã ËÐÍ ×ÒÖÑØ ×ÒÖÙËÑÒÎ ÔÎØ çÒÌè ÐÔÌØÍÎÑÎÏ éØÑ×ÖÒÚÔËÑÒÎ×ê 
ëìíãìîïÞ  
ðÐÍ ñÌÑËÑÚÔÖ òÍ×ÒÖàÍØ ÊÐÍÔÌ ÊËÌÍ×× éñòÊÊê Ñ× ËÐÍ ×ËÌÍ×× ÎÍÚÍ××ÔÌÜ ËÒ ÑÎÑËÑÔËÍ ×ÖÑÝ ÑÎ Ô ×ÑÎÏÖÍ ÏÌÔÑÎÞ äÎ 
ÒÌØÍÌ ËÒ ÔÚÚÒÙÎË ÓÒÌ ËÐÍ ÝÒÖÜÚÌÜ×ËÔÖÖÑÎÑËÜ ÒÓ Ô ÏÑàÍÎ ÕÔËÍÌÑÔÖã ËÐÍ ÜÑÍÖØ ×ËÌÍ×× Ñ× ÌÍÖÔËÍØ ËÒ ËÐÍ ñòÊÊ ÛÜ 
ËÐÍ ðÔÜÖÒÌ ÓÔÚËÒÌ óÞ äË× àÔÖÙÍã ÒÓ ÔÛÒÙË É ÑÎ ËÐÍ ÚÔ×Í ÒÓ ÔÎ Ñ×ÒËÌÒÝÑÚ ØÑ×ËÌÑÛÙËÑÒÎ ÒÓ ÚÌÜ×ËÔÖ 
ÒÌÑÍÎËÔËÑÒÎ×ã
 ÚÔÎ ÛÍ ×ÒÕÍçÐÔË ÖÒçÍÌ çÐÍÎ ËÐÍ ÕÔËÍÌÑÔÖ ÝÒ××Í××Í× Ô ×ËÌÒÎÏ ÚÌÜ×ËÔÖÖÒÏÌÔÝÐÑÚ ËÍôËÙÌÍÞ 
ðÐÍ ÕÑÎÑÕÙÕ 
àÔÖÙÍ
 ÒÓ õ ÚÒÌÌÍ×ÝÒÎØ× ËÒ ÔÖÖ ËÐÍ ×ÖÑÝ ×Ü×ËÍÕ× ÒÌÑÍÎËÍØ 
çÑËÐ
 Ô ÕÔôÑÕÙÕ ÊÚÐÕÑØ ÓÔÚËÒÌ 
çÑËÐ ÌÍ×ÝÍÚË ËÒ ËÐÍ ÖÒÔØÑÎÏ ØÑÌÍÚËÑÒÎÞ
 
 
ö÷ø SolidSolùtionhardening
å
ÕÒÎÏ ÒËÐÍÌ ÑÎËÍÌÔÚËÑÒÎ×
ã
 ËÐÍ ÔËÒÕ× ÑÎ ×ÒÖÑØ ×ÒÖÙËÑÒÎ ÔÌÍ ÒÓ Ô ØÑÓÓÍÌÍÎË ×ÑúÍ ÚÒÕÝÔÌÍØ ËÒ ËÐÍ ÕÔËÌÑô 
ÔËÒÕ× ÔÎØ ËÐÍÌÍÓÒÌÍ ÑÎØÙÚÍ Ô ÖÒÚÔÖ ØÑ×ËÒÌËÑÒÎ ÒÓ ËÐÍ ÚÌÜ×ËÔÖ ×ËÌÙÚËÙÌÍ ÔÎØ Ô ÌÍ×ÙÖËÑÎÏ ×ËÌÍ×× ÓÑÍÖØÞ  ðÐÍ 
ÑÎËÍÌÔÚËÑÒÎ ÒÓ ËÐÍ ØÑ×ÖÒÚÔËÑÒÎ× 
ç
ÑËÐ ËÐÍ×Í ×ËÌÍ×× ÓÑÍÖØ× ÑÎØÙÚÍ× ×ËÌÍÎÏËÐÍÎÑÎÏÞ 
ä
Î ÑÎØÙ×ËÌÑÔÖ 
å
Ö
æ
ûÑ
æ
ñÙ 
ÔÖÖÒÜ×
ã
ËÐÍ ÎÙÕÛÍÌ ÒÓ ÔÖÖÒÜÑÎÏ ÍÖÍÕÍÎË× ÕÔ
è
Í× ÑË ØÑÓÓÑÚÙÖË ËÒ ÒÛËÔÑÎ ÔÎ ÔÚÚÙÌÔËÍ ÝÌÍØÑÚËÑÒÎ ÒÓ ËÐÍ ×ÒÖÑØ 
×ÒÖÙËÑÒÎ ×ËÌÍÎÏËÐÍÎÑÎÏÞ üÔ×ÍØ ÒÎ ËÐÍ ÝÒçÍÌ ÖÔç àÔÖÑØ ÓÒÌ Ô ×ÑÎÏÖÍ ×ÒÖÙËÍ ×ÝÍÚÑÍ×ã ËÐÍ ÓÒÖÖÒçÑÎÏ 
ÍôÝÌÍ××ÑÒÎ Ñ× ÒÓËÍÎ Ù×ÍØ ËÒ Í×ËÑÕÔËÍ ËÐÍ ×ÒÖÑØ ×ÒÖÙËÑÒÎ ÚÒÎËÌÑÛÙËÑÒÎ ËÒ ËÐÍ ÒàÍÌÔÖÖ ÕÔÚÌÒ×ÚÒÝÑÚ ÜÑÍÖØ 
×ËÌÍÎÏËÐ
ëì
ý
ãììïâ
 
 ??? ? ??????? ?
? ??
 þß) 
 
WÐÍÌÍ ?? Ñ× ËÐÍ ÚÒÎÚÍÎËÌÔËÑÒÎ ÒÓ ËÐÍ ÔÖÖÒÜÑÎÏ ÍÖÍÕÍÎË á ÔÎØ ??  Ñ× Ô ÓÔÚËÒÌ ÌÍÖÔËÍØ ËÒ ËÐÑ× ÔÖÖÒÜÑÎÏ 
ÍÖÍÕÍÎËÞ 
 
ö÷
2 Workhardening
WÐÍÎ ÝÖÔ×ËÑÚ ØÍÓÒÌÕÔËÑÒÎ Ñ× ÑÎØÙÚÍØã ØÑ×ÖÒÚÔËÑÒÎ× ËÌÔàÍÖ ËÐÌÒÙÏÐ ËÐÍ ÕÔËÍÌÑÔÖ ÓÒÌÕÑÎÏ Ô ×Ò ÚÔÖÖÍØ 
 islocations forest These  islocations act as obstacles to the other moving  islocations, which 
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1.2.3? Natural and artificial ageing
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. Conclusion 
 
This hpter first permitted to deti the thermo-mehni tretments tht re ppied to the 
AA198 o	 
ith emphsis on the industri nd bortor	 ses tretments. The riti spet of 
these tretments on mirostrutur nd mrostrutur properties hs been highighted. 
e then gve n overvie
 of  the eperiment tehniques tht 
ere neessr	 to ondut the 
present stud	.
 It 
s emphsized tht  
ide rnge of tehniques 
ere neessr	 to hrterise the 
T

-phse urte	. The use of numerous tehniques permitted to hrterise numerous 
determining properties t different ses. The preipittion hrteristis, mehni properties 
nd pstiit	 mehnisms 
ere regrded. e 
i see ter in this 
ork tht the resuts obtined in 
these different domins often ross nd ompement eh other. The present stud	 is muti-se 
nd muti-disipinr	 nd thus permits  gob understnding of the mirostruture impt on 
strength nd pstiit	.
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. Discussion 
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ûüýþß üttûmpts is howûvûý quûstionübþû üs T
1
 pýûcipitütûs üýû now ýûcognisûd üs bûing shûüýübþû foý 
widû ýüngûs of hûüt týûütmûnts [ 8, 9,20,2 ]. An intûýfüciüþ stýûngthûning modûþ, considûýing thû 
ûnûýgß ýûquiýûd
 
to
 
cýûütû
 
ü
 
nûw
 
pýûcipitütû/mütýix
 
intûýfücû
 
whûn
 
shûüýing
 
ü
 
T
1
 
pþütû,
 
hüs
 
bûûn
 
dûvûþopûd bß yiû ünd  uddþû [22]. This modûþ hüs bûûn onþß oncû compüýûd to micýostýuctuýüþ dütü 
[22]. Thûýûfoýû thûýû is ü shoýtügû of quüntitütivû micýostýuctuýû dütü üvüiþübþû to cýiticüþþß discuss 
thû üppþicübiþitß of thû diffûýûnt stýûngthûning modûþs, thûiý ýobustnûss ünd domüin of vüþiditß. Wû 
pýûsûnt in this ýûpoýt ü sßstûmütic studß whûýû ü widû ýüngû of T
1
 micýostýuctuýûs üýû gûnûýütûd bß
vüýßing
 
thû
 
püýümûtûýs
 
of
 
thû
 
thûýmo-mûchünicüþ
 
týûütmûnt,
 
in
 
oýdûý
 
to
 
gûnûýütû
 
ü
 
compþûtû
 
dütübüsû
 
of
 
micýostýuctuýû
 – 
stýûngth
 
ýûþütionships.
 
This
 
dütübüsû
 
wiþþ
 
bû
 
usûd
 
to
 
ûvüþuütû
 
ünd
 
to
 
impýovû thû ûxisting stýûngthûning modûþs. 
Thû
 
choicû
 
of
 
thû
 
thûýmo-mûchünicüþ
 
týûütmûnt
 
püýümûtûýs
 
hüs
 
bûûn
 
üþýûüdß shown
 
to
 
bû
 
dûcisivû
 
on
 
thû
 
ýûsuþting
 
pýûcipitütion
 
micýostýuctuýû
 
in
 
Aþ-Cu-Li
 
üþþoßs
 
[7,8,9, 0,23,20,24].
 
Thû
 
thûýmo-
mûchünicüþ püýümûtûýs thüt stýongþß infþuûncû pýûcipitütion üýû: thû pýû-ügû stýûtch, thû hûüt 
týûütmûnt tûmpûýütuýû ünd thû hûüt týûütmûnt duýütion. Vüýßing thûsû püýümûtûýs is ü suitübþû 
üppýoüch to ýûüch ü þüýgû vüýiûtß of T
1
 micýostýuctuýûs ünd pýovidûs ü stýütûgß foý vüýßing thû 
püýümûtûýs
 
of
 
thû
 
pýûcipitütû
 
micýostýuctuýû
 
indûpûndûntþß.
 
Thû
 
hûüt
 
týûütmûnt
 
tûmpûýütuýû
 
hüs
 
ýûcûntþß bûûn
 
shown
 
to
 
bû
 
ü
 k
ûß püýümûtûý
 
thüt
 
contýoþs
 
thû
 
üctivütion
 
of
 
thû
 
T
1
 
thic
k
ûning
 
pýocûss
 
[2
4
]. yümûþß, it wüs shown thüt üt  55°C thû thicknûss of T
1
 pýûcipitütûs ýûmüins constünt foý vûýß
þong ügûing timûs üt thû minimum vüþuû of  .3 nm, ünd thüt whûn tûmpûýütuýû is incýûüsûd fýom 
 55°
C 
to
 
 90°
C 
T
1
 
thic
k
ûning
 
is
 
quic
k
þß üctivütûd.
 I
n
 
üddition,
 
ü
 
pýû
-
dûfoýmütion
 
incýûüsû
 
þûüds
 
to
 
ü
 
gýûütûý
 
dûnsitß of
 
smüþþûý
 
pýûcipitütûs
 
[9]
 
üs
 
T
1
 
nucþûütûs
 
on
 
disþocütions.
 
Thû
 
infþuûncû
 
of
 
pýû
-
dûfoýmütion on thû compûtitivû pýûcipitütion of T
1
, ! a " a ee aree  Gale e al [9]. 
Thûß ýûvûüþûd
 
thüt
 
thû
 
sümû
 
stýûngth
 
of
 4
50 
P
ü
 
couþd
 
bû
 
ýûüchûd
 
foý
 
diffûýûnt
 
pýû
-
dûfoýmütions
 
(0%, 2%, 4% ünd 6%) thüt ýûsuþt in significüntþß diffûýûnt T
1
 micýostýuctuýûs: thû mûün T
1
 diümûtûý 
wüs
 
found
 
to
 
ýüngû
 
fýom
 4
0nm
 
to
 
 60nm,
 
highþighting
 
thüt
 
thû
 
ýûþütionship
 
bûtwûûn
 
thû
 
T
1
 
moýphoþogicüþ
 
püýümûtûýs
 
ünd
 
thû
 
ßiûþd
 
stýûngth
 
in
 
not
 
stýüightfoýwüýd.
 H
owûvûý,
 
in
 
thû
 
üþþoß
studiûd
 
 Gale
 
e
 
al
	 
!
 
a
 
"
 

ere
 
al
 
ree
 

 


erale
 
a


	 
a


 e aal 
compþû
x
. Wûwiþþ show in thû pýûsûnt studß thüt with ün üppýopýiütû choicû of üþþoß composition ünd 
thûýmo
-
mûchünicüþ týûütmûnt, thûmicýostýuctuýû bûcomûs dominütûd
 
bß T
1
pýûcipitütûs onþß.
 
 
Wû
 ýûcûntþß dûvûþopûd ü mûthod to chüýüctûýisû thû T
1
 
phüsû
 
quüntitütivûþß in
 
tûýms
 
of
 
moýphoþogicüþ
 
püýümûtûýs
 
ünd
 
voþumû
 
fýüction
 
[2
4
].
 
This
 
mûthod
 
fiýst
 
usûs
 S
müþþ
 
Angþû
 X-R
üß
S
cüttûýing (
S
A
XS
) to mûüsuýû thû mûün diümûtûý ünd thicknûss of T
1
pýûcipitütûs. SAXS cün bû cüýýiûd 
out in-situ duýing thû hûüt týûütmûnts, giving üccûss to thû pýûcipitütion kinûtics [25]. Sûcondþß, this 
mûthod
 
usûs
 D
iffûýûntiüþ
 S
cünning
 C
üþoýimûtýß (
DSC
)
 
to
 
mûüsuýû
 
thû
 
voþumû
 
fýüction
 
of
 
T
1
 
pýûcipitütûs. It wiþþ bû üppþiûd sßstûmüticüþþß in thû pýûsûnt invûstigütion to ýûcoýd thû T
1
 
micýostýuctuýûs foý ü widû ýüngû of thûýmo
-
mûchünicüþ týûütmûnts.
I
n püýüþþûþ, thû ßiûþd stýûngth wiþþ 
üþso bû mûüsuýûd in üþþ thû studiûd hûüt týûütmûnt conditions. Thû ýûsuþting micýostýuctuýû-stýûngth 
chüýüctûýisütion
 
wiþþ
 
bû
 
thûn
 
usûd
 
to
 
chüþþûngû
 
thû
 
û
x
isting
 
modûþs
 
foý
 
pþütûþût
 
stýûngthûning
; 
ü
 
modifiûd üppýoüch to T
1
stýûngthûning wiþþ thûn bû pýoposûd. 
 
 
 
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. Experimentalre lts
3.1 PreliminarÐstÑdÐÒimpactofpreÓdeformationonhardness 
ÔÕÖ×ØÙÕ Ú
Û
 ÜØÖÝÕ×ÞÕÙ ßÜ àáÙÝßÖ×ÞáßÜÙâ áÞ áÙ ãÕÝÝ ÕÙÞ×äÝáÙåÕà Þå×Þ æçÕèàÕéßçê×ÞáßÜ æçáßç Þß ×ëÕáÜë 
ëçÕ×ÞÝì ÕÜå×ÜÖÕÙ Ú
Û
 precipitation íîïðñîòó ôñ ñõð ðö÷ðïóð øù øñõðú ÷õôóðó óûòõ ôó üý øú þß Tõð îm÷ôòñ 
ßé æçÕèàÕéßçê×ÞáßÜ ßÜ ÖßêæÕÞáÞávÕ æçÕÖáæáÞ×ÞáßÜ ×Üà çÕÙØÝÞáÜë ÙÞçÕÜëÞå áÜÖçÕêÕÜÞ å×Ù äÕÕÜ ×ÝçÕ×àì 
çÕæßçÞÕà [7â8â9â10]. PçÕèàÕéßçê×ÞáßÜ àáçÕÖÞÝì áÜéÝØÕÜÖÕÙ ÞåÕ àáÙÝßÖ×ÞáßÜ àÕÜÙáÞì ×Üà ÞåØÙ áÙ ÕxæÕÖÞÕà 
Þß àÕÞÕçêáÜÕ ÞåÕ éáÜ×Ý Ú
Û
 ÜØêäÕç àÕÜÙáÞì. IÜ ßçàÕç Þß ÕxæÝßçÕ ÞåÕ çßÝÕ ßé æçÕèàÕéßçê×ÞáßÜ áÜ × 
ÖßÜÞáÜØßØÙ ã×ìâ ãÕ àÕÙáëÜÕà ÞÕÜÙáÝÕ Ù×êæÝÕÙ ßé v×çá×äÝÕ ÙÕÖÞáßÜ (ÙÕÕ FáëØçÕ 54×) Þå×Þ æçßváàÕ × 
àÕéßçê×ÞáßÜ ëç×àáÕÜÞ ×ÝßÜë ÞåÕ Ù×êæÝÕ àØçáÜë ØÜá×xá×Ý ÙÞçÕÞÖåáÜë. ÚåáÙ àÕéßçê×ÞáßÜ ëç×àáÕÜÞ ã×Ù 
Öå×ç×ÖÞÕçáÙÕà ×ÖÖØç×ÞÕÝì ØÙáÜë DáëáÞ×Ý Iê×ëÕ CßççÕÝ×ÞáßÜ (DIC) [27]. ÚåÕ êÕ×Ü æÝ×ÙÞáÖ ÙÞç×áÜ ×ÝßÜë ÞåÕ 
Ù×êæÝÕ áÙ Ö×ÝÖØÝ×ÞÕà éçßê ÞåÕ àÕéßçê×ÞáßÜ ê×æ ×Üà æÝßÞÞÕà ×Ù × éØÜÖÞáßÜ ßé æßÙáÞáßÜ ßÜ ÞåÕ Ù×êæÝÕ 
(ÙÕÕ FáëØçÕ 54ä). IÜ ßçàÕç Þß ÖßvÕç ÞåÕ ÕÜÞáçÕ æçÕèàÕéßçê×ÞáßÜ ç×ÜëÕ ãáÞå ÕÜßØëå æçÕÖáÙáßÜâ ãÕ ÖåßÙÕ 
×ææçßæçá×ÞÕ ÙÕÖÞáßÜ ëç×àáÕÜÞÙ ×Üà ØÙÕà ÞåçÕÕ áÜàáváàØ×Ý Ù×êæÝÕÙ. ÚåÕ ÞåçÕÕ Ù×êæÝÕÙ ãÕçÕ ÙØäjÕÖÞÕà 
Þß × ÖßêêßÜ ×ëÕáÜë ÞçÕ×ÞêÕÜÞâ ÖßÜÙáÙÞáÜë áÜ × ÙÕvÕÜèà×ì Ü×ÞØç×Ý ×ëÕáÜë ×Þ çßßê ÞÕêæÕç×ÞØçÕ 
éßÝÝßãÕà äì ×çÞáéáÖá×Ý ×ëÕáÜë éßç 18å ×Þ 155°C. ÚåÕ áêæ×ÖÞ ßé æçÕèàÕéßçê×ÞáßÜ ßÜ ÙÞçÕÜëÞåÕÜáÜë ã×Ù 
Õ
v
×ÝØ×ÞÕà ÞåçßØëå × ÙÕçáÕÙ ßé å×çàÜÕÙÙ êÕ×ÙØçÕêÕÜÞÙ ×ÝßÜë ÞåÕ ÞåçÕÕ ×ëÕà Ù×êæÝÕÙ (FáëØçÕ 54Ö)
.
Fßç 
ÞåáÙ æ×çÞáÖØÝ×ç ×ëÕáÜë ÞáêÕâ ÞåÕ çÕÙØÝÞÙ Ùåßã × ÖßÜÞáÜØßØÙ áÜÖçÕ×ÙÕ áÜ ÙÞçÕÜëÞå ×Ù × éØÜÖÞáßÜ ßé æçÕè
àÕéßçê×ÞáßÜâ Ùß Þå×Þ Öå×ÜëáÜë ÞåáÙ æ×ç×êÕÞÕç Ö×Ü ÕééÕÖÞá
v
ÕÝì ÖßÜÞçßÝ ÞåÕ æçÕÖáæáÞ×ÞáßÜ káÜÕÞáÖÙ
.
 Fßç 
ÞåÕ æØçæßÙÕ ßé ßØç ÙÞØàìâ ãÕ ÜÕÕàÕà ×ààáÞáßÜ×ÝÝì Þß çÕÙÞçáÖÞ ÞåÕ ç×ÜëÕ ßé æçÕèàÕéßçê×ÞáßÜÙ Þß 
v
×ÝØÕÙ 
ãåÕçÕ ÞåÕ Ú
Û
 æå×ÙÕ àßêáÜ×ÞÕÙ ÞåÕ êáÖçßÙÞçØÖÞØçÕ. ÚåÕ àáÙÞçáäØÞáßÜ ßé æçÕÖáæáÞ×ÞÕÙ å×Ù äÕÕÜ 
Õ
v
×ÝØ×ÞÕà äì Õ
x
èÙáÞØ SA S êÕ×ÙØçÕêÕÜÞÙ ßÜ éßØç Ù×êæÝÕÙ çÕÙæÕÖÞá
v
ÕÝì æçÕèàÕéßçêÕà 
0
%â 
0.
5%â 
2.
5% 
×Üà
12
% (ÙÕÕ FáëØçÕ 55)
.
 ÚåÕÙÕ êÕ×ÙØçÕêÕÜÞÙ ê×kÕ áÞ æßÙÙáäÝÕ Þß ÙÕæ×ç×ÞÕ ÞåÕ æçÕÙÕÜÖÕ ßé Ú
Û
, üý ôïd 
S æå×ÙÕÙ 
[2
5
]
ß Tõð ÷úðóðïòð øù ñõð üý ôïd þ ÷õôóðó ô÷÷ðôúó ñø bð óîgïîùîòôïñ øïly îï ñõð ïøïèæçÕè
àÕéßçêÕà Ù×êæÝÕ (åáëåÝáëåÞÕà áÜ FáëØçÕ 55)â Ùß Þå×Þ æçÕèàÕéßçê×ÞáßÜ áÙ çÕvÕ×ÝÕà Þß äÕ × ÜÕÖÕÙÙ×çìâ 
äØÞ ÙØééáÖáÕÜÞ ÖßÜàáÞáßÜ éßç Ú
Û
 Þß àßêáÜ×ÞÕ ÞåÕ æçÕÖáæáÞ×ÞÕ êáÖçßÙÞçØÖÞØçÕ áÜ AA
2198.
 IÜ ÞåÕ éßÝÝßãáÜë 
æ×ç×ëç×æåâ Ú
Û
 æçÕÖáæáÞ×ÞáßÜ káÜÕÞáÖÙ ×Üà çÕÝ×ÞÕà ÙÞçÕÜëÞåÕÜáÜë ãáÝÝ äÕ ÙÞØàáÕà áÜ àÕÞ×áÝ éßç ÞåÕ 0.5%â 
2.
5% ×Üà
12
% æçÕèàÕéßçê×ÞáßÜÙ
.
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3.2 MicrostructureandstrengtheolutionduringageingatconstantT

thickness
n this section the precipitation inetics an reate strenthenin rin aein at 	

 wi e 
presente
 for the three seecte ees of pre-eforation nae 
 
 an 	 he 

 
precipitation inetics was foowe in-sit in  for these three conitions napshots of the 
continos recorin of  iaes are shown in ﬀire 
6 for the three eforation ees an 
seecte aein ties ear increasin the ee of pre-eforation rests in a faster precipitation 
inetics oth in ters of the apparition of characteristic streas for pateet precipitates an 
sseqent
 
increase
 
of
 

 
intensit
 
ﬀoowin
 
the etho
 
eeope
 
 ﬁe  eser
 
et
 
a
 ﬂ
ﬃ the 
ean
 
iaeter
 
an
 
thicness
 
of
 
the
 

 
precipitates
 
were
 
etracte
 fro the  iaes an are 
potte in ﬀire 
! s epecte a hiher pre-eforation "an therefore a hiher ensit of 
nceation sites# rests in a faster inetics an saer ean 

 iaeter at the en of the heat 
treatent
 
itiona
 
one
 
can
 
notice
 
that
 
the
 ean 

 
thicness
 
reains
 
hih stae
 
aron
 
	3n
 
in
 
the
 
three
 
conitions
 
which
 
reeas
 
precipitation
 
of
 
on sine-aer
 

 
precipitates
 ﬂ$ﬃ 
ﬀire 
!c ispas the eotion of 

 oe fraction etracte fro ﬁ theroras foowin 
the etho etaie in ﬂ$ﬃ ﬀina the inforation on iaeter thicness an oe fraction 
aes it possie to eaate the ner ensit & of precipitates per nit oe: 
 ? ? ??????? '*+/ 
where t an
ﬁ
are the



ean thicness an ia

eter an
 ?? is the oe fraction of  precipitates 
"the fitte fnction shown in ﬀire 
!c is se to estiate the oe fraction at each aein tie# 
ﬀire
 

!a
-

 
e

phasise
 
that
 
a
 
stae
 
icrostrctre
 
is
 
reache
 
in
 
a
 
the
 
conitions
 
a
f
ter
 
appro

i

ate

	


h
 
at
 
	


 
he
 
three
 
restin
 
icrostrctres
 
i
ff
er
 
in
 
precipitate
 
n

er
 
ensit



a

ost an orer of anite an ths in ean 

 iaeter whie eepin a constant 

 
thicness an si

iar

o

e
f
raction
 

he eotion of ie strenth rin aein for the three ees of pre-eforation is shown in 
ﬀire
 


; f
or
 
the
 
sa

e
 
aein
 
ti

es
 
as
 
those
 
chosen
 f
or
 
the
 
easre

ents
 
o
f 
o

e
 f
raction
 
he
 
continos cres are JMK tpe fits ﬂ;ﬃ appie to the ata One can notice that a siiar ie 
strenth is reache at the en of the heat treatent for the three conitions he oe fraction 
an
 
ie
 
strenth
 
e

otions
 
rin
 
the
 
heat
 
treat

ent
 
were
 f
on
 
to
 
e
 
er

si

iar
 
in
 
the
 
in

estiate
 
conitions
 
an
 
within
 
e

peri

enta
 
ncertaint

a
 
inear
 
reationship
 
is
 
oser

e
 
etween these two para

eters "see ﬀire 
;# 
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<=> Modelsbasedontheshearingmechanism 
?@ BEGHE LB NBGHQ RUUVERLHQW LXH WYHQG ZLEH@\LX H^BQVLYB@_ LXH ZXHRER`QH zHRLVEH Bz LXH {
|
 }XRZH XRZ 
LB
 
`H
 
RUUBV@LHG
 
zBE=
 ~XHREY@\ R {
|
 
QHRGZ
 
LB
 
LXH
 
UEHRLYB@
 
Bz
 
R
 
@H
 
}EHUY}YLRLHNRLEY
 
Y@LHEzRUH
 
R@G
 
Bz
 
R@ R@LY}XRZH `BV@GREW  RZ GH}YULHG Y@ Y\VEH <R= 
ŁYH R@G VGGQH >> }EB}BZHG R NBGHQ GHZUEY`Y@\ LXH HzzHUL Bz LXH UEHRLYB@ Bz R }EHUY}YLRLHNRLEY 
Y@LHEzRUH B@ ZLEH@\LXH@Y@\= {XHW HZLR`QYZXHG LXH zBQQBY@\ H}EHZZYB@ zBE Y@LHEzRUYRQ ZLEH@\LXH@Y@\ 
zBE Q RQQBWZ UB@LRY@Y@\ EH\VQRE LEYR@\VQRE REERWZ Bz ZXHRER`QH 

}QRLHZ
 
 ?? ? ????????? ???? ?????   
XHEH ??  YZ LXH }EHUY}YLRLHNRLEY Y@LHEzRUYRQ H@HE\W=  BH^HE_ LXYZ NBGHQ GBHZ @BL Y@UQVGH LXH 
Y@zQVH@UH
 
Bz
 
LXH
 
zBENRLYB@
 
Bz
 
R@
 

 
B@
 
LXH
 
ZQY}
 
}QR@H
 YLXY@ LXH }EHUY}YLRLH_ XYUX ZXBVQG `H 
UB@ZYGHEHG XH@ EH\REGY@\ LXH {
|
 ZXHREY@\ }EBUHZZ Y\VEH <= H YQQ @B }EB}BZH R NBGYzYHG 
version    ¡ ¢£¡¡¤¥¦  §¨©¤ ¦§¨ ª§«  ª ¬¡¤   ¨¡¨ § © ¦¡¨ ­§« §«  ® 
Y@LHEzRUH R@G  UB@LEY`VLYB@Z LB ZLEH@\LXH@Y@\=
 
?@ LXH R}}EBYNRLYB@ Bz HR¯ B`ZLRUQHZ_ LXH UB@LEY`VLYB@ Bz ZXHRER`QH }EHUY}YLRLHZ LB LXH ZLEH@\LX 
Y@UEHNH@L XRZ `HH@ GHZUEY`HG `W ±VWBL ²³ RZ 
 ?? ? ?? ?? ? ?????? ´ 

XHEH
?? ? ? ??  YZ R }RERNHLHE LX§ ©«¨©§¨¦¦ §« µ¨©µ§§¥¦ ¨¦¦§ © § ¡¦¤©§  \QYGH 

? ? ? ? ?
 R@G
 ? 
YZ LXH GYZQBURLYB@ QY@H LH@ZYB@ Y@ LXH Q NRLEY
 
XYUX UR@ `H R}}EB

YNRLHG RZ
 
 ? ? ????? ¶ 

XHEH ·¸¹º·» ¦ §« ¦«¨ ¬¡£¤£¦  ¤£¬ £¬¼ ­¸½¾¹¿À ¬ ¦ §« Á£¨ª¨¦¥ Â©§¨¾ 
ÃHzY@Y@\ LXH B`ZLRUQH ZLEH@\LX Y@ LXH URZH Bz ZXHRER`QH }RELYUQHZ YZ GHQYURLH RZ NR@W UB@LEY`VLYB@Z REH 
BzLH@ Y@^BQ^HG Y@ LXH }RELYUQH ZXHREY@\ NHUXR@YZN= BE LXH ZR¯H Bz ZYN}QYUYLW_ H YQQ R}}EBYNRLH LXH 
{
|
 
}QRLHZ
 
LB
 
Z
Ä
VREH
 
}QRLHZ
 
Bz
 
YGLX
 
Ã
 
R@G
 
LXYU¯@HZZ
 
L
 
Y\VEH
 
<R=
 
{XH
 
{
|
 
ZXHREY@\
 
NHUXR@YZN
 
XRZ
 
`HH@ EHUH@LQW EH^HRQHG LB B@QW BUUVE `W ZY@\QHZLH}Z >

 Y\VEH <`= {XH QH@\LX Bz R ZXHREY@\ ZLH} YZ ? ? ??????_ XHEH ????????? ¦ §« Á£¨ª¨¥¦ Â©§¨  ¡ ? ? ??° YZ LXH R@\QH `HLHH@ LXH ZQY} 
GYEHULYB@ R@G LXH ZXHREHG }QRLH=
 
?????
?
?
?????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
?
???? ????? ??? ???? ??????????????????????? ?????????? ??? ?? ? ?? ???????? ???? ???? ????? ??? ???? ???? ??????? ? ??????????? ? ? ???????? ?????? ????????? ??? ???? ?????? ???????? ???? ???????? ???????? ???????????????????????????????????????????????????????????????????
? ?? ? ???? ? ?? ????????? ????? ? ???????? ? ??????????? ? ? ???????????? ?????
?????????? ?????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????
? ? ? ?? ????? ? ?? ?????????????? ? ?? ????????? ? ??????????? ? ? ???????????????????? ? ?????
???????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
? ? ? ???????????????? ? ?????
??? ?????????? ?????????? ?????? ?????? ????? ???? ????????? ??????????? ???? ?????????? ??????????? ???? ?????????????????????????????????????????????????????????????????????????????
? ???? ? ??????????? ???? ????? ?
????????? ? ????????? ? ? ?? ??????? ??????????? ? ?????
???????????????? ?????????????????????????????????? ????????????????????? ??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??????????????????????????????????? ????????????????????????????????????????????????????????????????????????????????????????????????????????? ??????????????????????????????????????????????
?????
????
104 
 
ÅÆÇÈÉÈÊË ÆÌÈ ÍÎÌ ÌÆÏÐÍÈ ÏÑÎÏ ÏÑÈ ÒÊÈÓÐÍÏÐÆÌÔ ÓÐÕÕÈÊ ÇÑÈÌ ÏÑÈ Ö
×
 ÒÊÈÍÐÒÐÏÎÏÈÔ ÎÊÈ ÏÑÐÍØÈÌÐÌÙÚ ÖÑÈ 
ÍÆÌÏÊÐÛÜÏÐÆÌ ÆÕ ÏÑÈ APB ÏÆ ÏÑÈ ÝÐÈÞÓ ÔÏÊÈÌÙÏÑ ÛÈÍÆßÈÔ ßÆÊÈ ÐßÒÆÊÏÎÌÏ ÕÆÊ ÏÑÐÍØÈÊ ÒÞÎÏÈÔË ÇÑÐÍÑ 
ÊÈÔÜÞÏÔ ÐÌ Î ÑÐÙÑÈÊ ÒÊÈÓÐÍÏÈÓ ÝÐÈÞÓ ÔÏÊÈÌÙÏÑ ÇÑÈÌ ÏÑÈ ÒÊÈÍÐÒÐÏÎÏÈÔ ÎÊÈ ÏÑÐÍØÈÌÐÌÙÚ
  
àÌ
 
ÏÑÈ
 
Í
ase áâ ãäå æçè éêèèëåìí îáèåë ïðå âäïïåè äçïåñâæòäæë åçåñóô äí ?? ??õÚöõ÷ øùßúÚ ûÆÊ ÏÑÈ 
ßÆÓÐÕÐÈÓ ÐÌÏÈÊÕÎÍÐÎÞ ÔÏÊÈÌÙÏÑÈÌÐÌÙ ßÆÓÈÞË ÏÑÈ ÕÆÞÞÆÇÐÌÙ ÐÌÏÈÊÕÎÍÐÎÞ ÈÌÈÊÙÐÈÔ ÎÊÈ ÕÆÜÌÓü  ?? ??????øùßú ÎÌÓ ???? ? ??????øùßúÚ ÖÑÈÔÈ ÈÌÈÊÙÐÈÔ ÎÊÈ ÐÌ ÏÑÈ ÊÎÌÙÈ ÆÕ ÍÞÎÔÔÐÍÎÞ ÐÌÏÈÊÕÎÍÐÎÞ ÈÌÈÊÙÝ 
ÉÎÞÜÈÔ
 
ÕÆÊ
 
ÔÈßÐýÍÆÑÈÊÈÌÏ
 
ÒÊÈÍÐÒÐÏÎÏÈÔÚ
 
ÅÆÇÈÉÈÊË
 
ÆÌÈ
 
ÍÎÌ
 
ÌÆÏÐÍÈ
 
Î
 
ÔÐÙÌÐÕÐÍÎÌÏ
 
ÓÐÕÕÈÊÈÌÍÈ
 
ÛÈÏÇÈÈÌ
 
ÏÑÈ
 
ÐÌÏÈÊÕÎÍÐÎÞ ÎÌÓ
βAPBβenergies.βTheβhighβamountβofβenergyβrequiredβtoβcreateβaβnewβinterfaceβisβrelatedβ
toβtheβdifferenceβinβprecipitateβandβmatrixβstructuresβwhichβresultsβinβaβhighβstrainβfieldβatβtheβnewβ
createdβinterface.βTheβpresenceβofβthisβhighβstrainβfieldβgivesβriseβtoβaβblurryβcontrastβinβHAADF-STEMβ
aroundβtheβshearedβregionβ(seeβFigureβ64b). þßr the !βphaseβinβAluminiumβalloys,βLieβandβWawnerβ
[31]βrevealedβthatβtheβinterfacialβenergyβforβtheβnewβinterfaceβincreasesβdramaticallyβwithβmultipleβ
shearingβevents,βwhichβmakesβmultipleβshearingβhighlyβunfavourable,βasβconfirmedβrecentlyβforβtheβT1β
phaseβbyβtheβobservationsβofβDeschampsβetβal.β[21].βHowever,βtheβcreationβofβanβAPB,βwhichβisβ
internalβtoβtheβprecipitate,βmayβresultβinβaβsmallerβmismatchβandβthusβrequiresβlessβenergy.βThisβresultβ
highlightsβthatβtheβcontributionβofβtheβAPBβcreationβisβonlyβminorβinβtheβshearingβprocessβasβitβ
requiresβmuchβlessβenergyβthanβtheβcreationβofβaβnewβprecipitate/matrixβinterface.βItβthusβexplainsβ
w
h
y N 
e and uddles  nterfac al strengthen ng mßdel  s able tß pred ct accurately the y eld strength 
evolutionβbyβonlyβconsideringβtheβcreationβofβtheβnewβprecipitate/matrixβinterfaceβwhileβneglectingβ
theβAPBβcreation.βHowever,βweβbelieveβthatβtheβmodifiedβinterfacialβstrengtheningβmodelβisβphysicallyβ
moreβcorrectβandβappliesβbetterβtoβlateβageingβtimesβandβweβwillβthusβuseβitβinβtheβfollowing.β
Oneβimportantβobservationβresultingβfromβtheβfitβofβtheβmodifiedβmodelβtoβtheβexperimentalβdataβisβ
thatβitβdescribesβveryβaccuratelyβtheβfirstβstagesβofβtheβageingβtreatmentβatβ190°C,βwhereβallβ
parametersβvaryβveryβquicklyβ(namelyβdiameter,βvolumeβfractionβandβthickness).βItβisβalsoβcapableβofβ
describingβaβlargeβpartβofβtheβstrengthβdecreaseβduringβover-ageingβatβ190°C,βconfirmingβthatβitβisβnotβ
necessaryβtoβinvokeβaβprecipitateβby-passingβmechanismβevenβatβtheseβlateβstagesβofβageing.βActuallyβ
shearedβT1βprecipitatesβthickerβthanβoneβunitβcellβhaveβbeenβreportedβinβliteratureβ[19].βHowever,βatβ
veryβlateβageingβtimesβ(lastβpointβatβ250hβofβageing)βtheβmodelβpredictionβstronglyβdeviatesβfromβtheβ
experimentalβdata.βThisβdeviationβcouldβbeβrelatedβtoβaβchangeβinβtheβprecipitate-dislocationβ
interactionβmechanism.β
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ChapterV n estigationonthestrengthening
mechanismsoftheT
1
precipitatesandinfl enceonthe
plasticit beha io r
 
The aim of this chapter is to et a etter nderstandin of the strenthenin mechanisms in terms of 
interactions et	een the dislocations and the T


precipitates. n the precedent chapter, 	e manaed 
to model the yield strenth y sin a model ased on shearin only. The model failed to predict the 
yield
 strenth only in the case of heaily oer-aed conditions sestin a transition from shearin 
to y passin that 	old occr lon after the pea strenth. We 	ill see that the oseration of the 
plasticity ehaior
 and eoltion as a fnction of the T


 inetics is a stron tool to et information 
on the strenthenin mechanisms.  
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Bauschinger tests were conducted on a servo-hydraulic MTS machine with hydraulic wedge grips to 
hold
 
the
 
specimen.
 
The
 
gauge
 
section
 
was
 4mm in diameter and the gauge length was 12mm. The 
extensometer gauge length was 10mm. The strain rate was ???? s . 
 
b  C	
 f AA98    % 
AA2198  Cu  Li  Mg  Ag  Zr  Al  
Min
  2.  
0.
  
0.25
  
0.1
  
0.04
  al  
Max  .5  1.1  0.  0.5  0.1  al  
 
. Results 
3.1 Precipitate microstructure evolution during the duplex ageing treatment 
The quantitative description o the T

 kinetics during the duplex ageing treatment (1h at 155° and 
then
 1
0°
) 
has
 
een
 
the
 
su

ect
 
o
 
a
 
recent
 
paper
 [6]. 
The
 
evolution
 
o
 
the
 
morphological
 
parameters and volume raction o the T

 phase was investigated using in-situ Small-ﬀngle ﬁ-Ray 
Scattering (SﬀﬁS), Dierential Scanning alorimetry (DS) and HﬀﬀDﬂ-STEM. ﬃn this section, we will 

riely summarise the main outcome o this previous study. The evolutions o the average thickness 
and diameter, volume raction and num

er density o the T

precipitates are reported in
 
ﬂigure
 67
as
 
a unction o ageing time
.
The precipitate thickness is constant at
1.
nm during the
1
h at
155
° that 
correspond to the growth o single-layer precipitates only. recipitate thickening is activated when 
temperature
 
is
 
raised
 
to
 1
0°
 
and
 
an
 
average
 
thickness
 
o
 2
nm
 
is
 
reached
 
ater
 
approximately
7
0h
 
at
1
0°
.
During ageing at
155
°, the volume raction irst sta

ilises around
2!
, corresponding to the
 
saturation
 
o
 
the
 
growth
 
o
 
single-layer
 
precipitates
. 
ﬃncreasing
 
the
 
temperature
 
to
 1
0°
 
activates
 
precipitate thickening, which ena

les the remaining
 
solute to
 
oin the
 
precipitates
 [6]
and the volume
 
raction reaches a saturation value o 2.5!. ﬃt has previously een oserved that the average 
thickness o 2nm measured ater 1h at 155° + 70h at 10° actually consists o a distriution o T

 
thickness rom single layer to multi-layer precipitates
 [6].  
?????
?
???????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ???????????????????????????????????????????? ???? ??????????????????????????????? ??????????????????????????????? ???????????????????????????????????? ?????????????????????????????????????????????????????
?
???????????????????????????????????????????????????
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?????
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3.3 Mechanicaltests"in#estigationofthestrainhardeningbeha#io$r 
3.3.1? Tensile tests 
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Discussionandprospects
 
he aim of this part is to conduct a eneral discussion linkin the different chapters, to point out the 
possile limitations of approach and results and to propose possile directions for future ork. 
· Characterisation procedure for quantitative, systematic precipitate characterization 
he first step of our study as to propose a characterisation procedure for the 
1
 phase that permits 
the estimation of the morpholoical parameters (diameter and thickness) and of the 
1
 volume 
fraction. he validity of this characterisation procedure is critical as most of the experimental and 
modellin results presented in this thesis are hihly dependent on this first step. he evaluation of 
the diameter and thickness as performed y usin a method developed y De Geuser et al.; this 
method has already proven successful in previous studies. Hoever the consistency of the results 
otained as a function of the different parameters of the thermo-mechanical treatments investiated 
reatly increases the confidence of the validity of this procedure. he real innovation, in the method 
proposed, is on the estimation of the volume fraction. Contrarily to the case of isotropic spherical 
particles, usin the SAS technique to measure the 
1
 volume fraction is e
x
tremel
y
difficult due to 
the anisotrop
y
of the sinal arisin from the stron te
x
ture of the AA298 allo
y.
 he estimation of 
the volume fraction of anisotropic plate like precipitates has al

a
y
s

een proven difficult
.
As a result, 

e proposed a novel loal approach hich uses the heat flo otained durin a thermal ramp in 
D
S
C.
 he method consists in the interation of the sinal over the complete thermal ramp to e
x
tract 
the 
1
 volume fraction
.
 Even if this technique is su

ject to a num

er of uncertainties (discussed in 
chapter III), 

e 

elieve that it ives a fair estimation of the volume fraction evolution
.
 Ho

ever, this 
technique only ives access to a relative evolution and thus requires an alternative estimation for 
cali

ration
. 	
urthermore, it onl
y
permits a discontinuous evaluation of the volume fraction evolution
.  
Alternative techniques could e used to confirm the evolution as otained in DSC. 	or instance, 
preliminar
y
 results in 
-
Ra
y
diffraction (R
D
) have revealed that the 
1
 phase results in a measura

le 
peak close to that of the {} matri
x
 planes that evolves as a function of time of heat treatment
.
 
Such measurements could e performed in-situ durin heat treatments. he apparition of the 
1
-
phase has also een oserved durin dilatometry experiments, proaly linked to the chane in 
lattice constant in the direction normal to the precipitate ha

it planes
.
 
D
ilatometr
y
is inherentl
y
an 
in
-
situ technique, althouh it is mostl
y
 limited to isothermal heat treatments due to the difficult
y
to 
account precisely for the sample dilatation durin temperature chanes. hese techniques could 

rin complementary information and confirm the evolution otained in DSC. Hoever, these 
techniques are mostly qualitative and ould require a careful validation procedure y 
complementar
y
 techniques
.
 he evolution of the volume fraction could pro

a

l
y 
e follo

ed 
y
 
SAS (and therefore durin in
-
situ measurements) in the case of a completel
y
random distri

ution of 
the 
1
 plates (poder like samples). he elaoration of a sample of random texture, ith a rain size 
much smaller than the

eam si
z
e,

ould then result in an isotropic sinal in SAS, easier to analyse in 
terms of volume fraction
.
 
he characterisation procedure that e set up permits an estimation of the averae 
1
 
microstructural parameters, hich are sufficient for the model that e developed. Hoever, this 
method does not provide information on the spatial distriution of the precipitates. he 
?????
???????????????????????????????????????????????????????????? ??? ????????????????? ?????? ???????????????????????????????????????????????????????????? ???????????????????????? ??????????????????????????????????? ??????? ??? ????????? ???? ???????? ????????????? ??? ????????????? ??? ??? ??????????? ??????????????????????????? ??? ????????? ???????????? ???? ???????? ???? ??????? ??? ???????? ????????? ???? ???????????????? ??? ????????? ????????? ???????????? ??? ????? ????? ???????? ??? ????????????? ????? ??????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??? ??????? ??? ?????? ?????? ?? ???? ? ???? ??? ??? ??????? ??????? ????? ???? ??? ??????? ??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
?
???????????????? ????????????????????????????????????????????????????????????????????????????????? ?????????????????????????????????????????????????????????????????????????????????????????????????
?
?? ???????????????????????????
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AppendixI lationshipbet enthegrainte t re
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. Introduction 
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bç éçûçééçö èë îò ðïìõñîïç îïðòëèéëõô [1]. åæç îïüóñîé úîéðîèðëï ëû ôðçñö òèéçïüèæ ðï èæç õñîïç ëû 
èçýèóéçö
 
êçèîñ
 
õñîèçò
 
æîò
 bççï èæçëéçèðíîññô íëééçñîèçö èë èæç üéîðï èçýèóéç bô Dîúðçò çè îñ. [2]. åæç 
ôðçñö òèéçïüèæ ëû òóíæ îññëôò ðò îñòë òèéëïüñô éçñîèçö èë èæç êðíéëòèéóíèóéç îïö
 
êëéç õîéèðíóñîéñô èë
 
èæç
 
å
 
 õæîòç èæîè ûëéêò ðï èæç {111}
A
 õñîïçò. åæç å
 
 õéçíðõðèîèðëï ðò õéëêëèçö bô îõõñôðïü íëñö þëékðïü 
õéðëé èë èæç îüçìæîéöçïðïü èéçîèêçïè. åæç ðêõîíè ëû bëèæ èæç üéîðï èçýèóéç îïö èæç õéçíðõðèîèç 
êðíéëòèéóíèóéç ëï èæç îïüóñîé îïðòëèéëõô æîò bççï òèóöðçö bô Kðê îïö øçç ðï îï ÷÷2090 îññëô [3]. 
åæçòç îóèæëéò ëbòçéúçö èæç çûûçíè ëû òõçíðêçï ëéðçïèîèðëï ðï óïöçéìîüçö òîêõñçò ßþðèæëóè å
 
, çûûçíè 
ëû
 
èçýèóéç
 
ëïñô)
 
îïö
 
õçîkìîüçö
 
òîêõñçò
 
ßõéçòçïíç
 
ëû
 
å
 
,
 
íëêbðïçö
 
çûûçíè
 
ëû
 
èçýèóéç
 
îïö
 
å
 
). 
åæç
 
îïüóñîé ôðçñö òèéçïüèæ úîéðîèðëïò þçéç òóííçòòûóññô éçñîèçö èë èæç íéôòèîññëüéîõæðí èçýèóéç. åæçô îñòë 
æðüæñðüæèçö îïðòëèéëõô ðï èæç ûéîíèóéç bçæîúðëóé þæðíæ þîò îèèéðbóèçö èë îï ðïæëêëüçïçëóò 
öðòèéð
b
óèðëï
 
ëû
 
èæç
 
å
 
 
ïóíñçîèðëï
 
òðèçò
. I
ïöççö,
 
èæçô ûëóïö
 
èæîè
 
öóéðïü
 
õéçìòèéçèíæðïü,
 
èþë
 
ëóè
 
ëû
 
èæç
 
ûëóé
 
{111} òñðõ
 
õñîïçò
 
þçéç
 
õéçûçéçïèðîññô îíèð
vated resulting in  higher disloctions density in those 
èþë õñîïçò. Hëþçúçé, èæç öðòèéðbóèðëï ëû üéîðï ëéðçïèîèðëïò ðï èæç êîèçéðîñ ïëè ëïñô îûûçíèò èæç 
ïóê
b
çé ëû îíèðúîèçö òñðõ õñîïçò ðï çîíæ üéîðï,
b
óè êîô îñòë ðïûñóçïíç èæç òõîèðîñ öðòèéðbóèðëï ëû õñîòèðí 
òèéîðï ßæçïíç ëû éçòóñèðïü öðòñëíîèðëï öçïòðèô), õîéèðíóñîéñô þæçï òêîññ õñîòèðí òèéîðïò îéç îõõñðçö ñðkç 
öóéðïü
 
õéçìòèéçèíæ
 
ëõçéîèðëï
 
ßèôõðíîññô
b
çèþççï
 2 
îïö
 
3
%). B
çíîóòç
 
å
 
 
õéçíðõðèîèçò
 
ïóíñçîèç
 
ëï
 
öðòñëíîèðëïò,
 
î
 
æçèçéëüçïçëóò
 
öðòèéð
b
óèðëï
 
ëû
 
õñîòèðí
 
òèéîðï
 
íîï
 
éçòóñè
 
ðï
 
î
 
æçèçéëüçïçëóò
 
öðòèéð
b
óèðëï
 
ëû
 
òèéçïüèæ
. I
ï
 
íæîõèçé
 IV
,
 
þç
 
æîúç
 
ðï
 
ûîíè
 
òæëþï
 
èæîè
 
íæîïüðïü
 
èæç
 
îêëóïè
 
ëû
 
õéçìòèéîðï
 
íæîïüçö
 
òðüïðûðíîïèñô èæç kðïçèðíò ëû æîéöçïðïü ðï èæç îññëô, îïö ïëè èæç çïö òèéçïüèæ îûèçé ñëïü îüçðïü èðêçò îè 
1
55
°ù
. 
åæç
 
îðê
 
ëû
 
èæðò
 
íæîõèçé
 
ðò
 
èë
 
çúîñóîèç
 
èæç
 
çûûçíè
 
ëû
 
èçýèóéç
 
ëï
 
òõîèðîñ
 
öðòõçéòðëï
 
ëû
 
òèéçïüèæ
. W
ç
 
íëê
b
ðïç
 
êðíéëìæîéöïçòò
 
êçîòóéçêçïèò
 
þðèæ
 EBSD
ëï
 b
ëèæ
 
éçíéôòèîññð
z
çö
 
îïö
 
óïéçíéôòèîññð
z
çö
 
÷÷
2
198 òõçíðêçïò
.
åæç æçèçéëüçïçëóò öðòèéð
b
óèðëï ëû êðíéëìæîéöïçòò ðò èæçï öðòíóòòçö îò î ûóïíèðëï 
ëû èæç íéôòèîññëüéîõæðí èçýèóéç îïö ðïæëêëüçïçëóò õéçòçïíç ëû èæç å
 
õéçíðõðèîèçò
. 
. Material and experimental procedure 
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Theinfl enceofprecipitationonplasticdeformation
ofAl C Liallo s
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precipitation behavior of the AA218 aoy hich is reativey iean (of the order of 1t%) is 
dominated by a precipitation se	ence invoving Crich sote csters and GP zones after natra 
ageing
 
hich
 
dissove
 
dring
 
the
 
heating
 
ramp
 
to
 
the artificia
 
ageing
 
temperatre
 
of
 
1

°C
 
and are
 
ater repaced by the 

 precipitates accompanied in smaer proportions by Crich G    
phases. he AA21 aoy hich has a arger i content presents a precipitation se	ence here the 
d’  ﬀ
3
i
 
is
 
present
 
from
 
the
 
natra
 
ageing
 
p
 
to
 
overaged
 
states
 
in
 
vome
 
fractions
 
from
 
 
to
 
10%. In parae to the presence of this phase a microstrctre simiar to that of the AA218 aoy
deveops namey consisting of 

 and ﬁﬂ ﬃ!"##"$ &'*#+ ,'$ﬃ#4$#, '* "7# < =!"4'x>  
he
 
pastic
 
deformation
 
of
 
earier
 
aoys
 
of
 
the
 
ACi
 
famiy has
 
been
 
the
 
object
 
of
 
a
 
nmber
 
of
 
investigations.
 
In
 
many cases
 
they have
 
been
 
shon
 
to
 
be
 
prone
 
to
 
anisotropy
 
and
 
ocaisation
 
of
 
pastic
 
strain
 
resting
 
in
 
reativey poor
 
dctiity ?@.
 
In
 
particar
 
the
 
presence
 
of
 
the
 
ordered
 dﬂ 
phase B A
3
i is e Dnon to rest in panar sip ?10@. Ering fatige of binary Ai aoys very
intense ocaisation of pastic fo occrs ?1112@ and rests in the dissotion of the precipitates 
eaving precipitate free channes that favor frther ocaisation and fractre. he shearing of the dﬂ 
phase has been thoght to be at east partiay responsibe for the poor dctiity and ssceptibiity to 
intergranar fractre of ACi aoys containing cose to 2 t%i here the dﬂ FJN=# &4!O"'J* '$ 
very high
 ?
10
@
.
 
Conversey
 
it
 
has
 
been
 
proposed
 
that
 
the
 
presence
 
of
 


 
precipitates
 
homogenises
 
pastic
 
fo
 
hen
 
compared
 
to
 
the
 
presence
 
of
 dﬂ ﬃ!4"'
O
#$ ?
1012
@
.
 
his
 
effect
 
has
 
been
 
sometimes
 
attribted to "7# &!O" "7!" "7'$ ﬃ4#O'ﬃ'"!"# '$ 7!4,+ $7#!4!Q# ?12@R hoever it is no firmy 
estabished
 
that
 


 
precipitates
 
can
 
be
 
sheared
 
by disocations
 ?
1
S
B1

@
. Csontos
 
and
 
coorDers
 ?

@ 
have shon that the shearing of 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in
 
grain
 
strctre.
 
hs
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seems
 
that
 
despite
 
the
 
shearabe
 
natre
 
of
 
the
 


 
phase
 
its
 
infence
 
on
 
the
 
distribtion
 
of
 
pasticity in
 
the
 
ACi
 
aoys
 
is
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different
 
from
 
that
 
of
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 and dﬂ ﬃ4#O'ﬃ'"!"#$> \7# 
present paper fooing the detaied stdy of the microstrctre of to ACi aoys by Eecres et 
a. ?8@ aims at evaating the effect of these microstrctres on the pastic behavior of the aoys. 
he
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aoys
 
present
 
a
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and
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irst tensie data i be presented for an overa evaation of the strength and dctiity evotion 
dring the ageing treatments. his tensie data i then be evaated in more detai throgh an 
anaysis
 
of
 
the
 
strain
 
hardening
 
rate
 
hich
 
is
 
Dnon
 
to
 
be
 
very sensitive
 
to
 
the
 
detais
 
of
 
the
 
precipitatedisocations
 
interactions
 
and
 
has
 
provided
 
insight
 
into
 
the
 
pasticity mechanisms
 
of
 
other
 
aoy series in the recent past ?1B1@. hen e i present rests of aschinger tests hich 
provide information on the bidp of interna stresses dring pastic straining and reversa and are 
therefore very informative as e on the pasticity mechanisms operating in precipitate containing 
aoys
 ?
20
@
.
 
he
 
sensitivity of
 
the
 
aoys
 
to
 
ocaisation
 
of
 
pastic
 
fo
 
has
 
been
 
stdied
 
by confoca
 
microscopy reaised
 
on
 
pasticay deformed
 
sampes containing
 
different
 
precipitate
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. Precipitatemicrost ct resalongtheheattreatments
ôõö ÷öøùúûü ýþ øõö ßúcrýüørucøurö övýûuøúýn ýþ øõö øwý ùûûýyü þrýß øõö nùøurùûûy ùgö÷ ô351 üøùøö øý 
øõö
 
÷úþþörönø
 
üøùgöü
 
ýþ
 
øõö
 
ùgöúng
 
øröùøßönø
 
ùø
 
155°C
 
õùvö
 böön gúvön öûüöwõörö [8]. Hýwövör úø úü 
wýrøõ üußßùrúzúng øõö ßùún ýuøcýßöü þýr øõö purpýüö ýþ øõö currönø üøu÷y. ôõö ßùún cûuüøörúng /
pröcúpúøùøö þöùøuröü ùrö üußßùrúzö÷ ún ôùbûö 2. In øõö ô351 üøùøö øõö ßúcrýüørucøuröü ýþ øõö øwý 
ùûûýyü
 
ùrö
 
vöry
 
÷úþþörönø:
 
øõö
 AA2198 ùûûýy ßúcrýüørucøurö cýnøùúnü vöry üßùûû Cu-rúcõ cûuüøörü ùn÷ GP 
zýnöü,
 
wõúûö
 
øõö
 AA2196 ùûûýy cýnøùúnü þúnö d’  ei itates t the ed ýþ øõö õöùøúng rùßp øý 155°C 
ùn÷ ÷urúng øõö þúrüø õýurü ùø øõúü øößpörùøurö, øõö cûuüøörü õùvö ÷úüüýûvö÷ ún øõö AA2198 ùûûýy, wõúûö 
ýnûy ù pùrøúùû ÷úüüýûuøúýn ýþ d has oed i the 	
 allo Sseqetl the T

 põùüö ùppöùrü 
ùûýng
 
wúøõ
 
ù
 
üßùûû
 
ùßýunø
 
ýþ
 Cu-rich  (   !)  ﬀ ﬀﬁﬂ ﬃﬃﬂ   "ﬂﬀ ﬃﬃﬂ ﬀ 
øõúcknöüü ýþ øõö ô

 põùüö õùü ßýüøûy úøü ßúnúßùû vùûuö ýþ 1.3 nß wõúûö úøü ÷úùßöøör #uúckûy grýwü øý 
ßýrö øõùn 40 nß. ôwý ßùún ÷úþþöröncöü õùvö böön þýun÷ böøwöön øõö øwý ùûûýyü ÷urúng øõö 155°C 
ùgöúng
 
øröùøßönø:
 
pröcúpúøùøúýn
 
ýþ ô

 
ýccurü ßýrö
 
rùpú÷ûy ún
 
øõö
 AA2198 ùûûýy, ùn÷ øõúü ùûûýy ÷ýöü nýø 
pröüönø d  ﬀ  ﬀm ﬁﬃ ﬀ $$%&'* +ﬂﬀ7ﬂ7ﬃ ﬂ (ﬂﬀ ﬀﬀ ﬀ d  +ﬂﬀ7 
øý cýùrüön ùûýng wúøõ øõö pröcúpúøùøúýn ýþ ô

;. Aü ù cýnüö#uöncö, øõö ßúcrýüørucøuröü ún øõö nöùr-
pöùk-ùgö÷
 
üøùøöü
 <16õ ùø 155°C þýr øõö AA2198 ùûûýy ùn÷ 48õ ùø 155°C þýr øõö AA2196 ùûûýy; cýnüúüø 
ßýüøûy ún ô

  ﬁﬀ ﬂm = = !  fﬂ> ﬀ $$%&'? ﬃﬃﬂ (ﬃﬃ7ﬀ>ﬀ  F@7> & " ù 
BôEM
-HAA
DJ ßúcrýgrùpõ;, ùn÷ ô

 põùüö ùûýng wúøõ d ﬁﬀ ﬂm = = !  fﬂ> ﬀ $$%&'* 
ùûûýy
.  
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there does not seem to be a simple relationship between an increase of precipitate thickness and a 
change in dislocation / precipitate interaction mechanism, as sheared 

 of relatively large thickness 
(several nm) have been observed in the literature before
  
. Conclusion 
In this work the plastic behaviour of two Al-Cu-Li alloys has been systematically investigated for a 
wide variety of microstructures containing a combination of solute clusters, d’ 	

 
 
and
 


 
platelet
 
precipitates
 
he
 
plastic
 
behaviour
 
of
 
these
 
alloys
 
can
 
be
 
divided
 
in
 
two
 
groups
 
of
 
samples, 

-containing and 

-free he presence of d 
     	

effect he main conclusions are summarized below: 
? Samples containing clusters or d 
 ﬀ 	 ﬁ

 precipitates, show a high strain 
hardening
 
rate,
 
a
 
strong
 
tendency to
 
strain
 
localisation,
 
and
 
a
 
moderate
 Bauschinger effect 
he high strain hardening rate is attributed to the high solute content of these alloys, and the
 
localisation
 
of
 
plasticity as
 
well
 
as
 
the
 Bauschinger effect can be interpreted in terms of the 
presence of ordered precipitates or clusters in the microstructure  
? Samples containing 

 precipitates show a lower strain hardening rate, yet much larger than 
in
 
other
 
Al
u
mini
u
m
 
alloys
 
with
 
shearable
 
precipitates
 ﬂ
lasticity in
 
these
 
materials
 
is
 
m
u
ch
 
more
 
homogeneo
u
s,
 
and
 
they present
 
a
 
very high
 B
a
u
schinger
 
effect
 
at
 
the
 
onset
 
of
 
reverse
 
plasticity, sign of a highly reversible plasticity
  
? F
rom
 
the
 
atomic
 
scale
 
observation
 
of
 
the
 
shearing
 
mechanisms
 
of
 
the
 


 
precipitates,
 
it
 
is
 
proposed that the shearing of 

 precipitates occurs by single shearing events, supposedly 
related to a high energy cost of a second shear on the same slip plane his peculiar feature 
of the precipitate shearing explains all the mechanical tests results, and particularly the good 
plastic properties of these alloys near peak strength
  
? W
hen
 d

 


 


 


 
conc
u
rrently to
 
the
 


 
precipitates,
 
the
 
plastic
 
properties
 
are
 
somewhat
 
degraded:
 
the
 
material
 
presents
 
a
 
lower
 
strain
 
hardening
 
rate,
 
related
 
d
u
ctility and a higher tendency to strain localisation
  
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. Introduction 
 
ãäåæ çèêêëçìíèå îëìïèðñ ïäòë óëëå ôêèôèñëð íå èêðëê ìè çèêêëçì ìïë ñíõë ðíñìêíó÷ìíèå èø ñôïëêíçäù 
ôäêìíçùëñ úïëå èóñëêòëð íå ôêèûëçìíèå èå ä ôùäåë ñ÷êøäçë üýþßþ3]. A çèîôùëìë êëòíëú èø ìïëñë 
ðíøøëêëåì îëìïèðñ ïäñ óëëå ôêèôèñëð óæ Uåðëêúèèð ü4]. ãèñì çèêêëçìíèå îëìïèðñ ìïäì äôôùæ ìè 
ñôïëêíçäù ôäêìíçùëñ äùñè äôôùæ ìè ðíñç-ùíkë ôäêìíçùëñ ìïäì äêë ôëêôëåðíç÷ùäê ìè ìïë TEã ñäîôùë ü5] äåð 
ìïíñ íñ ìïë çäñë èø ìïë T
1
 ôùäìëñ úïëå èóñëêòëð íå ìïë ñ÷íìäóùë õèåë äxíñ. Tïë ëxíñìíåg çèêêëçìíèå 
îëìïèðñ äêë äùù óäñëð èå ìïë ñäîë ôêíåçíôùëñ. Tïë ðíäîëìëê èø ä ôäêìíçùë äñ èóñëêòëð íå ôêèûëçìíèå èå
 
ä TEã íîägë íñ ìïë êëñ÷ùì èø ëíìïëê ä ôäêìíçùë úïèñë çëåìêë íñ ùèçäìëð è÷ìñíðë ìïë TEã ñäîôùë 
(ôäêìíçùë 
ß
 äåð 3 íå Fíg÷êë 94) èê øêèî ä ôäêìíçùë úïèñë çëåìêë íñ ùèçäìëð íåñíðë ìïë ñäîôùë (ôäêìíçùë ý 
íå Fíg÷êë 94). Wïëå ìïë çëåìêë èø ìïë ôäêìíçùë íñ íåñíðë ìïë ñäîôùëþ ìïë ôêèûëçìëð ðíäîëìëê 
corresponds to the real diameter of the precipitate and when the centre is outside, the projection 
ðíøøëêñ øêèî ìïë êëäù ðíäîëìëê èø ìïë ôêëçíôíìäìë. Tïë ôêíåçíôùë èø ìïë çèêêëçìíèå îëìïèðþ ôêëñëåìëð 
íå ìïíñ ôäôëêþ íñ ìè íðëåìíøæ ìïë ôäêìíçùëñ úïèñë çëåìêëñ äêë ùèçäìëð íåñíðë ìïë ñäîôùë íå èêðëê ìè 
obtain a real diameter distribution   irst, the sizes that are measured in projection are divided into a 
å÷îóëê èø çùäññëñ èø ñíõë ?
.
 Tïë íåíìíäù äññ÷îôìíèå íñ ìè çèåñíðëê ìïäì ìïë ùäêgëê ôäêìíçùëñ ïäòë ìïëíê 
ø÷ùù ðíäîëìëê òíñíóùë íå ôêèûëçìíèå. Fèê çùäññëñ èø ñîäùùëê ôäêìíçùë ñíõëñþ ìïë ôêèûëçìíèå çäå äùñè êëñ÷ùì 
øêèî ä ñùíçíåg ëøøëçì çèîíåg øêèî ùäêgëê ôäêìíçùëñ. Iå èêðëê øèê ìïë çèêêëçìíèå ìè óë äçç÷êäìëþ Jëåñëå 
ü
5
] ïígïùígïìëð ìïäì ìïë å÷îóëê èø ñíõë çùäññëñ ñïè÷ùð íðëäùùæ óë îèêë ìïäå ñëòëåþ äåð äì îíåíî÷î 
øíòë
. 
W
ë
ú
íùù øíêñì ðëìäíù ìïë çèêêëçìíèå îëìïèð äåð ìïëå äôôùæ íì ìè ì
ú
è 
AA
DF-STEã íîägëñ ìäkëå èå ì
ú
è 
ðíøøëêëåì AAßý98 ñäîôùëñ ïëäì ìêëäìëð êëñôëçìíòëùæ ý8ï äì ý55°C äåð ý8ï äì ý55°C + 70ï äì ý90°C. 
W
ë úíùù ìïëå ñïèú ïèú ìè ëñìíîäìë ìïë T
1
 òèù÷îë øêäçìíèå øêèî ìïë çèêêëçìëð ñíõë ðíñìêíó÷ìíèåñ. Tïë 
íåøù÷ëåçë èø ìïë å÷îóëê èø ñíõë çùäññëñ èå ìïë çèêêëçìíèå ôêèçëð÷êë 
ú
íùù ìïëå óë ðíñç÷ññëð
.
 Fíåäùùæ
A
ìèî

êèóë Tèîègêäôïæ (
A
T)
ú
íùù óë ÷ñëð äñ äå äùìëêåäìíòë
ú
äæ ìè ëòäù÷äìë ìïë T
1
òèù÷îë øêäçìíèåñ 
èå ìïë ì
ú
è ñäîë ñäîôùëñ
. 
?????
?
??????? ???? ?????? ?????????? ?????????? ????? ?????????? ?????????? ???? ???????? ?? ???????? ????????? ??? ??????????? ???? ??? ???????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????? ??????????????????????
??? ??????????? ??????
?????? ?????????????????????????????????????????????????????????????????????????????????????????
?????????????????????
??? ????????????????????????????????????????????????????????????????????????????????????????????????? ? ? ? ? ?????????????????????????????????????????????????????????????????????? ? ?????????????????????????????????????? ?????????????????????????????????????????????????????? ???????????????????? ???????????????????????????????????????????????????????????????????????
?
???????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
? ?? ???? ? ????? ? ??????
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. Conclusions 
 
ÔÕÖ ×ØÖÙÖÚÛÖÜ Ý ÙÞßßÖÙÙàÞá ßâØØÖßÛãâÚ äÖÛåâÜ âà ÛåÖ ÙãæÖ ÜãÙÛØãçÞÛãâÚ âà ÜãÙßÔáãèÖ ×ØÖßã×ãÛÝÛÖÙ ÝÙ 
measured éêëì íîï ðìñòóôõ íöðô ìó÷öëø ñùùëúû÷ô éëê ÷öó ôñìüýóþô ÷öðùßûóôôõ 
ÔNâ áÖÙÙ ÛåÝÚ ÚãÚÖ ÙãæÖ ßáÝÙÙÖÙ ÙåâÞáÜ çÖ ÞÙÖÜ àâØ ÛåÖ ßâØØÖßÛãâÚ äÖÛåâÜ Ûâ çÖ ÝßßÞØÝÛÖ.  
ÔTåÖ ßâäçãÚÖÜ ÞÙÖ âà TEM,   T ÝÚÜ C ×ÖØäãÛÙ ÛåÖ ÝßßÞØÝÛÖ ÖÙÛãäÝÛãâÚ âà ÛåÖ T
1
 vâáÞäÖ àØÝßÛãâÚ ãÚ 
ÛåÖ   298
 Ýááây.  
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